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ABSTRACT 
The primary reason for incorporating pigments into plastic materials is to impart 
the desired colour to finished articles. Some pigments however, may interact 
with the polymer leading to unexpected deleterious effects. Organic pigments, 
especially phthalocyanines, are favourable for their brilliant shade but are also 
well known for causing part distortion or warpage. This causes problems in 
parts which require good dimensional stability such as crates, containers, trays, 
caps and closures. Despite that, there are not many published studies on the 
root cause and mechanism of warpage induced by the pigment. Hence, the 
objective of this research is to study the influence of such pigments on the 
dimensional stability, crystallisation behaviour and morphology of polyethylenes 
in order to have a better understanding on the mechanism of warpage, which 
could possibly lead to a solution in overcoming this problem. 
 
The initial stage of Chapter 4 involved the investigation of shrinkage and 
warpage behaviour of HDPE, LLDPE and LDPE containing 0.5 wt% of 
phthalocyanine and ultramarine pigments. The untreated phthalocyanine 
pigment (C.I. Pigment Blue 15:3) was found to cause anisotropic shrinkage due 
to a preferred shrinkage direction in the injection moulded polyethylene; leading 
to warpage. Crystallisation studies, using differential scanning calorimetry 
(DSC), showed that the both treated and untreated phthalocyanine pigment can 
increase the crystallisation temperature and crystallisation rate by acting as 
heterogeneous nuclei. This was also evidenced from the reduction in spherulite 
size of the polyethylene, as observed through optical microscopy. The root-
cause and mechanism of warpage were further investigated through the study 
of molecular orientation using heat reversion and X-ray diffraction (XRD) 
techniques. A thick skin layer that consists of oriented amorphous and 
crystalline phases was found in HDPE containing untreated phthalocyanine 
pigment but not in the unpigmented HDPE. Additionally, X-ray pole figure 
analysis showed the existence of crystalline orientation in the skin layer, which 
resembled a “row-like crystallite”. Based on these findings, a mechanism of 
warpage induced by the pigment in polyethylene was proposed. 
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The Chapter 5 involved the investigation of the effect of carboxylic acid salt 
based nucleating agent and calcium carbonate on the shrinkage and warpage 
behaviour of HDPE containing untreated phthalocyanine pigment at dosage of 
0.1-0.3 wt% and 10-40 wt% respectively. The addition of the carboxylic acid salt 
at 0.3 wt% in the HDPE containing untreated phthalocyanine pigment could only 
minimise but not eliminate the warpage. DSC analysis showed the carboxylic 
acid salt could not override the pigment nucleation as it did not cause a higher 
crystallisation temperature than the pigment in HDPE. At high calcium 
carbonate content of 40 wt%, both the shrinkage and warpage of HDPE 
containing untreated phthalocyanine pigment were reduced.  The calcium 
carbonate did not have significant influence on the crystallisation behaviour but 
could reduce the amorphous phase orientation.  
 
Keywords: Dimensional stability, shrinkage, warpage, crystallisation, 
nucleation, morphology, crystalline orientation, polyethylene, high density 
polyethylene, pigment, phthalocyanine, carboxylic acid salt, calcium carbonate. 
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CHAPTER 1: INTRODUCTION 
Polyolefins are the major commercial thermoplastics owing to their attractive 
features such as low cost, easy processability, excellent chemical resistance, 
non-hygroscopic, outstanding electrical insulation properties and good 
toughness. The majority of products made from polyolefins are produced by 
injection moulding ranging from industrial crates and pallets, food containers, 
housewares, appliances and automotive products. The diverse applications of 
polyolefins would not be possible without the help of suitable additives. 
Polyolefins can be modified with broad range of additives through compounding 
to achieve desired performances such as colour, improvement of clarity, heat 
and light stabilisation, anti-static, etc. The use of colourants in polyolefins is 
essential in achieving aesthetic needs, product differentiation, identification and 
functional performance such as laser marking. However, it is known that some 
colourants can impart dimensional instability in polyethylene. The influence of 
colourants and additives on the dimensional stability of polyethylenes will be 
discussed in the following chapters of this thesis. 
 
1.1 POLYETHYLENE 
Polyethylene (PE), despite having the simplest basic structure of any polymer, 
is still by far the most versatile and widely used polymer since its discovery in 
1933 by Reginald Gibson and Eric Fawcett at Imperial Chemical Industries 
(ICI). Made from monomer of ethylene (Figure 1.1a) with a degree of 
polymerisation ranging from 100 (waxy solid) to 250000 (high molecular weight 
polymer), it possesses a planar zig-zag conformation in its lowest energy state.  
 
 
 
 
 
  
 
Figure 1.1 (a) Chemical structure of polyethylene and (b) a model of 
polyethylene chain in planar zig-zag conformation 
n = 100 to 250000  
(a) (b) 
0.255 nm 0.154 nm 
109° 
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In this conformation as illustrated in Figure 1.1b, the C-C bond length, unit cell 
chain length and C-C-C bond angle are 0.154 nm, 0.255 nm and 109° 
respectively [ 1]. Many types of polyethylene exist due to variation in chain 
branching, which depend on polymerisation processes, monomers and 
catalysts used. 
 
The first commercial branched polyethylene known as low density polyethylene 
(LDPE) was produced in the early 1940s by high pressure processes [ 2]. In 
1954 two methods to produce high density polyethylene (HDPE) at lower 
temperature and pressure coupled with a heterogeneous catalyst were 
developed. By the end of the 1970s a polyethylene known as linear low density 
polyethylene (LLDPE) with the intermediate properties and structure of LDPE 
and HDPE was developed. Figure 1.2 illustrates the chain structure of the three 
different polyethylenes. LDPE contains both long and short chain branches 
along the main backbone while HDPE consists of mostly linear chains. LLDPE 
contains mainly short-chain branches due to the addition of an α-olefin 
comonomer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Schematic representation of low, linear low and high density 
polyethylene exhibiting different degree of chain branching 
 
HDPE 
LLDPE 
LDPE 
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The degree of crystallinity and melting temperature of polyethylene are affected 
by chain branching as shown in Table 1.1. Chain branching is usually 
expressed in number of methyl groups per 1000 carbon atoms and the 
difference in branching in the three polyethylenes is presented in Table 1.1. 
Higher branching results in lower packing efficiency between the chains, which 
causes a reduction in both degree of crystallinity and melting temperature [ 3].  
 
Table 1.1 Characteristics of different polyethylenes 
Polymer Polymerisation process 
Monomer 
type 
CH3 / 1000 
carbon 
atoms [ 4] 
Density 
(g/cm3) [ 5] 
Degree of 
crystallinity 
(%)[ 5] 
Melting 
temperature 
(°C) [ 5] 
LDPE High pressure free radical polymerisation Ethylene 28 to 69 
0.91 to 
0.93 45 to 60 110 
LLDPE 
Low pressure 
polymerisation with 
metallocene catalyst 
Ethylene and 
linear α-
olefins 
comonomer 
8 to 25 0.90 to 0.95 50 to 65 124 
HDPE 
Low pressure 
polymerisation with 
Ziegler-Natta or metal 
oxides catalyst 
Ethylene 0.5 to 6  ≥ 0.96 60 to 80 130 to 135 
 
A survey in 2010, as shown in Figure 1.3, revealed that the demand for 
polyethylene was about 72 million metric tons or about 38 % of the total plastic 
consumption, a capacity much greater than any other type of plastic material.  
 
  
 
 
 
 
 
 
 
 
 
Figure 1.3 (a) Global plastics consumption and (b) areas of application of 
polyethylene in 2010 [ 6] 
(a) (b) 
Total consumption of 190 million metric tons 
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Films and sheets for the packaging industry were the main field of application 
for polyethylene. LDPE is mainly used in film applications due to its clarity and 
flexibility, which includes film in heavy duty sacks, refuse sacks, carrier bags 
and for general packaging. However in recent years, the LDPE film market has 
been taken over by LLDPE due to lower manufacturing cost and superior 
properties such as higher impact strength, tensile strength and extensibility at 
equivalent density [ 7]. Injection moulding accounts for the second largest area 
of application for polyethylene. Injection moulded products such as industrial 
containers, cases, crates, caps & closures, housewares, pails, toys and other 
products are mainly made from HDPE.  Another major usage of HDPE is in 
water and gas pipe applications. 
 
1.2 ADDITIVES USED IN POLYETHYLENE 
Functional performance of polyethylene needs to be enhanced by the addition 
of additives in order to meet a wide range of applications. Generally, polymer 
additives can be classified into three main groups. They are additives that: 
 
a) Stabilise or preserve plastics against degradation and aging during 
processing and use.  
b) Facilitate processing. 
c) Modify properties such as resistance to burning, improved mechanical 
properties, dimensional stability, transparency and colour. 
 
A complete discussion of polymer additives is beyond the scope of this study 
and only additives that are relevant such as nucleating agents and pigments are 
emphasised. Nucleating agents are commonly added to reduce the average 
spherulite size and subsequently improve clarity by reducing interference with 
light transmission. Addition of nucleating agents also increases the overall rate 
of crystallisation ensuring a faster solidification of the molten polymer upon 
cooling.  As a result, output is improved through the reduction of cycle times 
during moulding. Other usages of nucleating agents include controlling 
shrinkage and warpage in semi-crystalline polymers, which will be further 
discussed in Section 2.3.3.  
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Colourants are additives usually added into plastic to increase the market 
appeal of finished articles. Two main classes of colourants are available, 
namely dyes and pigments [ 8]. Dyes are colourants that are soluble in a 
polymer at the processing temperature while pigments on the contrary are 
insoluble [ 9]. Dyes are usually used in amorphous polymers and seldom used in 
semi-crystalline polymers due to colour migration problems [ 9]. Pigments can 
further be subdivided into inorganic and organic pigments. Metal oxides, 
hydroxides and sulphides are examples of inorganic pigments [ 10]. Inorganic 
pigments specifically those based on lead, mercury, hexavalent chromium and 
cadmium have been of environmental concern and will be gradually substituted. 
Organic pigments can be subdivided into classes depending on their chemical 
structures such as azo pigments and polycyclic pigments [ 9]. Contrary to 
inorganic pigments, organic pigments generally have superior brilliance & 
tinctorial strength, smaller particle size and lower resistance to heat and light 
[ 11].  
 
Ultramarine and phthalocyanine pigments are the inorganic and organic 
pigments of interest that will be used in this study. Ultramarine blue pigment has 
chemical structure of Na7Al6Si6O24S3 with entrapped sodium ions and ionic 
sulphur groups in which the ionic sulphur imparts the pigment’s colour as shown 
in Figure 1.4 [ 12]. The lattice consists of a cubic unit cell dimension of 
approximately 0.9 nm [ 13]. Like many inorganic pigments, ultramarine pigment 
has a polar surface on account of its ionic structure and the high electron affinity 
of oxygen atom [ 14].  
 
 
 
 
 
 
 
 
 
Figure 1.4 Chemical structure of ultramarine blue pigment [ 12] 
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Ultramarine blue pigment is typically used as a replacement of phthalocyanine 
blue pigment in HDPE as it does not cause warpage problems [ 8, 9]. It is also 
commercially added in trace amount into white pigments to enhance the colour 
by changing the pigment’s yellowish tone to a light bluish tone [ 13]. 
 
The chemical structure of copper phthalocyanine blue pigment is shown in 
Figure 1.5a. It consists of four isoindole units joined together by four extracyclic 
nitrogens to form 16-membered central ring with one copper atom in the centre. 
There are two out of five crystal modifications that are of commercial 
importance [ 11]. They are the red shade alpha (α) and green shade beta (ß) 
modifications as shown in Figure 1.5b. In the α modification the neighbouring 
stacks of the molecules are parallel to each other and the molecules are tilted 
by 25° against the c-axis while in the ß modification, the neighbouring stacks 
are arranged in a herring-bone packing with close contacts between the π-
system of one molecule and the peripheral hydrogen atoms of molecules in 
adjacent stacks [ 15]. As the result of the herring-bone packing, the ß 
modification has better thermodynamic stability than the α modification.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 (a) Chemical structure and (b) arrangement of α and ß 
modifications of copper phthalocyanine blue pigments [ 16] 
(a) 
(b) 
ß modification 
25°
α modification 
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Copper phthalocyanine blue pigments are commercially available as color index 
(C.I.) Pigment Blue 15:1, 15:2, 15:3 and 15:4. Pigment Blue 15:1 and 15:2 are α 
modifications while Pigment Blue 15:3 and 15:4 are ß modifications. Pigment 
Blue 15:2 and 15:4 have been modified with phthalocyanine based derivatives 
such as carboxy, carbonamido, sulpho, sulphonamido, aminomethyl, or 
phosphono copper phthalocyanine to confer flocculation resistance to the 
crystal [ 8, 15].  
 
There are various ways to incorporate additives into a polymer and usually the 
choice depends on cost, dispersion quality and material handling. The most 
direct and economic way is by dry blending of additives with the polymer using 
an intensive dry mixer without melting. The drawback of this method includes 
variations in additive loading due to the limitation of surface area of the resin 
pellets [ 8]. The second method for addition of additives into the polymer is via 
masterbatch. Masterbatches are concentrates of additive pre-dispersed in a 
carrier [ 17]. The carrier can be a solid medium based on the same polymeric 
material or a liquid medium such as fatty acid ester, ethoxylated fatty acid, or 
paraffin oil [ 9]. During moulding, the masterbatch will be “let down” or mixed 
with polymer resin and usually an even distribution of additives in the polymer is 
obtained [ 17]. The high cost and lack of universally compatible masterbatch are 
some of the disadvantages.  
 
Compounds are pre-compounded polymers that contain additives and are ready 
to mould or extrude without further processing. The additive dispersion depends 
on the type of compounding process. Twin-screw extruders typically provide the 
best dispersion qualities owing to their capability in reducing agglomerates to 
their finest form and achieving a high degree of homogeneity throughout the 
polymer matrix [ 8].  
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1.3 AIMS OF THE INVESTIGATION 
Due to aesthetic and functional requirements, the use of colourants especially 
organic pigments in polyethylene is inevitable. Organic pigments are primarily 
favoured due to their brilliant shades and high tinting strength compared with 
inorganic pigments, which are dull, and dyes which typically show migration 
issues in polyethylene. However, it is known that organic pigments can cause 
adverse effects on the crystallisation behaviour of many semi-crystalline 
polymers and result in part warpage problems as shown in Figure 1.6. The 
problems are normally encountered when the same mould toolings are being 
used for moulding of the same natural resin in different colours. 
 
 
 
 
 
 
 
 
 
Figure 1.6 Part distortion known as warpage caused by organic pigments 
in injection moulded parts 
 
 
1.3.1 Research objectives 
Currently, the actual mechanism of part warpage induced by organic pigments 
is not well understood and the warpage problems remain a nuisance. Thus, the 
current work aims to:  
a) Study the effect of various pigments on dimensional stability, 
crystallisation behaviour and morphology of polyethylenes. 
b) Investigate the mechanism of warpage induced by phthalocyanine 
pigment in polyethylene. 
c) Study the influence of carboxylic acid salt based nucleating agent and 
calcium carbonate on the dimensional stability and crystallisation 
behaviour of HDPE containing phthalocyanine pigment. 
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The initial stage of the work involves the compounding and injection moulding of 
various formulations. This is followed by a study on the effect of various 
pigments on polyethylenes using characterisation techniques such as shrinkage 
and warpage measurement, differential scanning calorimetry and microscopy. 
From the study, the pigment and polyethylene which show the most severe 
warpage is selected for further investigation. The root cause and mechanism of 
warpage are investigated and these involve the characterisation of injection 
moulded specimens using techniques such as heat reversion analysis, x-ray 
diffraction and polarised light microscopy. Based on the findings, a mechanism 
of warpage induced by the pigment in polyethylene is proposed. The proposed 
mechanism and other hypothesis established from the study in Chapter 4 are 
verified through the study in Chapter 5. Chapter 5 involves the study of the 
influence of nucleating agent and filler on the dimensional stability and 
crystallisation behaviour of pigmented HDPE.   
 
1.3.2 Research Protocol 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 STRUCTURE AND CRYSTALLISATION OF POLYETHYLENE 
The unit cell is the smallest arrangement of chain segments that can be 
repeated in three dimensions to build up larger crystalline structure. The close 
packing of chains in the unit cell allows the van der Waals forces to act co-
operatively and hence provide additional stability to the crystallite [ 3]. X-ray 
crystallography studies by Bunn [ 18] showed the unit cell for polyethylene to be 
orthorhombic. Orthorhombic is the stable crystal form while the monoclinic 
crystal form is a metastable phase formed under conditions of elongation 
[ 19, 20]. Table 2.1 shows the differences in the dimension of the orthorhombic 
and monoclinic unit cells. The orthorhombic unit cell is a cuboid, each of its 
axes having a different length while the angles made by adjoining faces are all 
90°. In the polymer field, the crystallographic direction is the chain axis defined 
as the c-axis, except in the case of a monoclinic cell where the chain axis is the 
b-axis [ 21]. The polyethylene orthorhombic unit cell consists of one complete 
ethylene unit and parts of four others giving a total of two per unit cell as shown 
in Figure 2.1b [ 22].  
 
Table 2.1 Unit cell parameter of polyethylene 
Crystal System 
Axes 
a (nm) b (nm) c (nm) 
Orthorhombic [ 22,  23] 0.742 0.495 0.255 
Monoclinic, metastable [ 22] 0.809 0.479 0.255 
 
 
 
Figure 2.1 Orthorhombic unit cell of polyethylene, (a) Orthogonal view (b) 
view along c axis [ 22] 
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Not all polyethylene chains are arranged in the unit cell of the crystalline region. 
This is because polyethylene is never perfectly crystalline but contains both 
crystalline regions (ordered) and amorphous regions (disordered) due to factors 
such as chain branching, chain entanglements and crystallisation processes. 
Many models have been derived to explain the arrangement of polyethylene 
chains in both crystalline and amorphous regions. Byrant [ 24] explained that 
since the length of a polyethylene chain was much longer than the size of the 
crystalline regions, the polyethylene chains had to pass in and out of a number 
of crystalline and amorphous regions as illustrated by the fringed micelle model 
in Figure 2.2a. The aligned and closely packed segments in the model are 
crystalline with the chains conforming to the lattice as described earlier in Figure 
2.1. Regions where perfect alignment is not possible will result in amorphous 
regions. This model however could not describe the lamellar structure, which 
was discovered later in the mid 1950s. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 (a) Fringed micelle model [ 24] and (b) regular chain folded 
model of single crystal [ 25] 
 
The chain-folded model was first discovered through the work on polymer single 
crystals grown from dilute solutions. These crystals were in the form of 10 nm 
thick lamellae with regular facets and with the chain direction (c-axis) 
perpendicular to the lamellar surface as illustrated in Figure 2.2b. This model 
requires a single polyethylene chain to be successively laid down on the 
growing face of the crystal through adjacent re-entry with tight folds. However, 
(b) (a) 
Tight fold 
Crystalline 
region 
Amorphous 
region 
10 nm 
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the enthalpy of fusion measurement taken from these single crystals have 
shown that a significant amorphous region still exists leading to the proposal of 
more models; such as the switchboard, adjacent re-entry with loose loops and 
composite models as shown in Figure 2.3 [ 3, 22] The amorphous region consists 
of irregular loops that either formed through non adjacent re-entry of the 
polyethylene chains or adjacent re-entry with folds of varying lengths.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 (a) Non adjacent re-entry (Switchboard), (b) adjacent re-entry 
with loose loops and (c) composite models 
 
The lamellar chain-folded crystalline structure, as described in the single 
crystals, is present in melt-crystallised specimens as lamellar stacks separated 
by amorphous layers. In the crystalline layers, polyethylene chains are folded 
with varying degrees of tightness where the chains also transverse across the 
thickness of one or more crystalline and amorphous layers as depicted in Figure 
2.4 [ 22]. The thickness of a crystalline layer of HDPE is in the range of 8 to 20 
nm with lateral dimensions of up to several micrometers, while LLDPE and 
LDPE have typically thinner layers and smaller lateral dimensions than HDPE 
[7]. The crystalline layers are connected through tie-chains located in the 
amorphous regions. The partially ordered layers (interfacial layers) that are 
present between the ordered crystalline layers and the disordered amorphous 
layers are still a subject of discussion, as the nature of these layers is not well 
understood [ 22]. 
 
(a) (b) 
(c) 
Loose loop Loop formed due to non adjacent re-entry 
Loose loop Loop formed due to 
non adjacent re-entry 
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Figure 2.4 Morphology of melt-crystallised solid polyethylene [ 22] 
 
The morphology of melt-crystallised polymers is usually studied using a 
polarised light microscope. In 1945, Bunn and Alcock [ 26] examined thin films of 
polyethylene with a polarising microscope and observed the birefringent 
spherulites as shown in Figure 2.5a. The boundaries of the spherulites 
appeared as irregular polyhedron after impingement and the Maltese cross 
patterns observed in the spherulites were parallel to the vibration directions of 
the polariser and analyser. The Maltese cross patterns did not change upon 
rotation of the specimen which led to the confirmation of circular symmetry in 
spherulites. It was also shown that polyethylene spherulites have a higher 
refractive index in the tangential direction than the radial direction (nt > nr); a 
typical characteristic of negative spherulites where the polymer chain direction 
in the spherulite is tangential to the radius [ 26]. Figure 2.5b summarises the 
features of spherulite that consist of lamellar stacks radiating in all directions 
from a point with crystallographic c-axis tangential to the radius of the spherulite 
while the crystallographic b-axis is parallel to the radius of the spherulite [ 21, 26].  
 
 
 
Lamellar chain-
folded crystalline 
(ordered)  
Amorphous 
 (disordered) 
Interface 
 (partially ordered) 
Tie-chain 
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Figure 2.5 (a) Optical micrograph of polyethylene between crossed polars 
[ 27] and (b) model showing lamellar stacks in spherulite [ 25] 
 
The semi-crystalline structure of polyethylene discussed is influenced by the 
crystallisation process. Crystallisation is a process of transition from the molten 
amorphous state into an ordered crystalline state and can be described by eq. 
2.1 
 
 ∆G ൌ ൫Hୡ୰୷ୱ୲ୟ୪ െ H୫ୣ୪୲൯ െ T൫Sୡ୰୷ୱ୲ୟ୪ െ S୫ୣ୪୲൯ ൌ ∆H െ T∆S eq. 2.1 
 
where, 
∆G		 = change in Gibbs free energy 
∆H  = change in enthalpy 
T  = absolute temperature 
∆S  = change in entropy 
 
Crystallisation is thermodynamically favourable when the change in the Gibbs 
free energy, ∆G is negative. The orderly arrangement of chains during 
crystallisation results in a large negative entropy of activation (∆Sሻ and this is 
offset by a large negative enthalpy contribution (∆Hሻ to obtain a favourable 
change in the Gibbs free energy.  
 
(a) 
b-axis direction 
along radius of 
spherulite 
c-axis direction 
tangent to the 
radius 
Amorphous 
Tie-chain 
Lamellar chain-
folded crystalline  
(b) 
Model of single 
spherulite 
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The process of crystallisation involves two independent phenomena known as 
nucleation and crystal growth. For crystallisation to occur nuclei or seeds are 
required and these can be formed through homogeneous nucleation in which 
the nuclei are formed spontaneously in the polymer melt as it cools, or 
heterogeneous nucleation in which nuclei formation is initiated by pre-existing 
foreign bodies within the melt. The differences between homogeneous and 
heterogeneous nucleation are shown schematically in Figure 2.6.  
 
 
 
Figure 2.6 Schematic showing (a) homogeneous and (b) heterogeneous 
nucleation [ 28] 
 
The nucleus in both homogeneous and heterogeneous nucleation has to be 
larger than the critical nucleus size for sustainable growth or otherwise it will 
dissolve in the melt. The change in free Gibbs energy associated with the 
nucleus formation in homogeneous nucleation can be described by eq. 2.2 [ 1] 
and is shown schematically in Figure 2.7. The nucleus formation is governed by 
crystallisation free energy per unit volume (∆G୚) and interfacial energy between 
the melt and nucleus (γ୫୬). ∆G୚ is the difference between the free energy of the 
polymer chains in the crystalline state and in the melt state which is usually 
negative because the temperature in the solid state is lower and also the 
ordered state of the polymer chains is energetically favourable. γ୫୬ on the other 
hand is always positive [ 1]. The nucleus formation is thermodynamically 
favourable when ∆G୬ is negative. During the initial stage of nucleation, the 
influence from γ୫୬ predominates and so ∆G୬ increases with increasing radius of 
(a) (b) 
16 
 
the nucleus (r). However as the nucleus grows, the influence from ∆G୚ becomes 
more important. A maximum ∆G୬, which is also the maximum instability, is 
reached and at this stage, the nucleus will either dissolve or form a stable 
nucleus through addition of more chains. The size of the nucleus under this 
condition of maximum instability is called the critical nucleus size, rୡ୰୧୲. 
 
∆G୬ ൌ ସ஠୰
య
ଷ 	 . ∆G୚ ൅ 4πrଶ. γ୫୬ eq. 2.2 
 
where, 
∆Gn		 = nucleus formation free energy 
r  = radius of spherical nuclei 
∆G୚  = crystallisation free energy per unit volume 
γ୫୬  = interfacial energy between melt and nucleus 
 
 
 
 
Figure 2.7 Change in energy in the formation of spherical nuclei during 
polymer crystallisation  
 
Eq. 2.3 is obtained from eq. 2.2 by replacing the term r with rୡ୰୧୲. Eq. 2.3 can be 
re-written as eq. 2.4 by expanding the term rୡ୰୧୲ and ∆G୴. The rୡ୰୧୲ and free 
energy barrier (∆G∗) for homogeneous nucleation are influenced by the degree 
of supercooling (∆T) as shown in eq. 2.4 and 2.5 [ 21]. From the equations, it is 
Total energy=  ∆Gn		 
rୡ୰୧୲
r 
Energy 
Interfacial energy=  
Volume energy=  
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shown that the rୡ୰୧୲ and ∆G∗ are small when ∆T is high and consequently more 
nuclei are readily formed at high supercooling (at lower temperature).  
 
∆G∗ ൌ ସ஠୰ౙ౨౟౪యଷ 	 . ∆G୴ ൅ 4πrୡ୰୧୲ଶ. γ୫୬ eq. 2.3 
∆G∗ ൌ ቀଵ଺஠ஓౣ౤యሺ୘బౣ ሻమ	ଷሺ∆୦ሻమ ቁ
ଵ
∆୘మ eq. 2.4 
rୡ୰୧୲ ൌ ቀଶஓౣ౤୘
బౣ
∆୦ ቁ
ଵ
∆୘ eq. 2.5 
∆G୴ ൌ 	 ∆୦∆୘୘బౣ  eq. 2.6 
where, 
∆G∗  = free energy barrier 
∆G୴  = crystallisation free energy per unit volume 
rୡ୰୧୲	 = critical nucleus size 
γ୫୬  = interfacial energy between melt and nucleus 
∆h = heat of fusion per unit volume 
∆T  = T୫଴ െ 	T (degree of supercooling) 
T୫଴   = equilibrium melting temperature 
T = temperature 
 
In heterogeneous nucleation, the interfacial energy is reduced as the nuclei 
form on pre-existing surfaces. The free energy barrier of heterogeneous 
nucleation (∆G୦ୣ୲∗ ) is related to the free energy barrier of homogeneous 
nucleation (∆G୦୭୫∗ ) as shown by eq. 2.7 and 2.8 where ∅ is the angle between 
the melt-nucleus interface and the nucleus-foreign surface interface shown in 
Figure 2.6b. Eq. 2.7 shows that ∆G୦ୣ୲∗  is smaller than the ∆G୦୭୫∗  by an amount 
corresponding to the value of the Sሺ∅ሻ, which has a numerical value between 
zero and unity [ 28]. The difference in free energy barrier between homogeneous 
and heterogeneous nucleation is schematically shown in Figure 2.8.  
Comparing to homogeneous nucleation, nucleation occurs more readily in 
heterogeneous nucleation due to smaller free energy barrier. 
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∆G୦ୣ୲∗ ൌ 	∆G୦୭୫∗ Sሺ∅ሻ eq. 2.7 
Sሺ∅ሻ ൌ ሺ2 ൅ cos ∅ሻሺ1 െ cos 	∅ሻଶ	 /4 eq. 2.8 
 
where, 
∆G୦ୣ୲∗ 	 = Free energy barrier of heterogeneous nucleation 
∆G୦୭୫∗  = Free energy barrier of homogeneous nucleation 
∅ = contact angle between melt-nucleus interface and nucleus-foreign 
surface  
 
 
Figure 2.8 Schematic showing the difference in free energy barrier of 
homogeneous (∆ࡳࢎ࢕࢓∗ ) and heterogeneous (∆ࡳࢎࢋ࢚∗ ) nucleation  
 
Overcoming the free energy barrier of nucleation fulfils the initial requirement for 
crystallisation, which subsequently allows crystal growth. Rates of nucleation 
(N) and crystal growth (G) [ 29] as expressed by eq. 2.9 and 2.10 respectively 
are dependent on ∆T where high N and G are obtained with high ∆T. Low ∆G∗ 
value in eq. 2.11 is obtained when ∆T is high. This increases the value of the 
second exponential function term in eq. 2.9 and results in a high N. Similarly, 
high ∆T also increases the value of the second exponential function term in eq. 
2.10 and results in a high G. Temperature dependence of both nucleation and 
growth rates are shown schematically in Figure 2.9. During crystallisation, a 
ܚ܋ܚܑܜ
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metastable melt is formed when the polymer melt is cooled just below the 
melting temperature. In this stage, the rate of nucleation is extremely low as the 
newly developed nuclei dissolve again in the polymer melt before crystal growth 
can take place. Nucleation rate gradually increases with increasing 
supercooling and so does the growth rate. Both nucleation and growth rate form 
maxima between the glass transition and melting temperature. However as 
shown in Figure 2.9, nucleation is more favourable at higher supercooling than 
crystal growth. The reason is that the critical nucleus size reduces with 
supercooling and this increases the nucleation rate. On the other hand, the 
viscosity of the polymer melt also increases with supercooling and this will 
retard movement of polymer chains needed for crystal growth. At the glass 
transition temperature, both nucleation and growth rate are at a minimum as the 
polymer chains freeze and become inflexible. Generally the optimum growth 
rate lies at a temperature in between the melting and glass transition 
temperatures [ 1].                                                                                                                             
                                                                                                                                                        
N		 ൌ N଴exp ൬െ ୙
∗
ୖሺ୘ౙି୘ౝିେమሻ൰ exp ቀെ
∆ୋ∗
୩ా୘ౙ Sሺ∅ሻቁ eq. 2.9 
 
G		 ൌ G଴exp ൬െ ୙
∗
ୖሺ୘ౙି୘ౝିେమሻ൰ exp ቀെ
ஒୠ஢஢౛୘బౣ
୩ా୘ౙሺ∆୦୤ሺ୘ሻሻ∆୘ቁ eq. 2.10 
 
where, 
∆G∗ ൌ ଷଶ஢౛஢మ୘మౣሺ∆୦୤ሺ୘ሻሻమ∆୘మ eq. 2.11 
fሺTሻ ൌ ଶ୘ౙ୘ౙା୘బౣ  eq. 2.12 
where, 
N = rate of nucleation 
No = constant for the zero-conditions (formally equal to the rate of nucleation for E and ∆G* = 
0) 
U* = activation barrier to transport molecules from melt to crystal surface 
R = gas constant 
Tc =  crystallisation temperature 
Tg = glass transition temperature 
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C2 = a constant of 30 °C 
∆G∗  = free energy barrier  
kB = Boltzman constant 
Sሺ∅) = eq. 2.7 
G = growth rate 
G0 = growth rate constant 
β = determined by operating regime and is equal to 4 for regime I & III and equal to 2 for 
regime II 
b = width of the chain 
σ = crystal growth face surface energy 
σୣ = crystal end (fold) surface energy 
T୫଴   = equilibrium melting temperature 
∆h = heat of fusion per unit volume 
f(T) = correction factor 
∆T = T୫଴ െ 	T (degree of supercooling) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 Temperature dependence of nucleation and growth rate [ 1]  
 
A crystal starts to grow upon successful nucleation. The Lauritzen-Hoffman (LH) 
theory has been the dominant theory adopted to describe polymer 
crystallisation. In this theory, growth rate, for example in the spherulites, was 
assumed to be linear as a function of the degree of supercooling [ 21]. The 
growth rate was determined experimentally using polarised light microscopy 
and models, as represented by growth regimes, were developed to describe the 
process. Figure 2.10 shows three temperature regimes for polymer crystal 
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growth where Regime I takes place at the lowest supercooling while Regime III 
is at the highest supercooling. Regime I growth is characterised by greater 
lateral growth rate (g) than the rate of formation of secondary nuclei (i) which 
causes the whole substrate to be completely covered by a new monolayer. 
Multiple nucleations occur in Regime II growth owing to a rapid secondary 
nucleation rate. A molecularly rough surface is obtained in Regime III growth 
which is only found at very high supercooling. Regime behaviour varies for 
different polymers and polyethylene typically shows a transition from Regime I 
to Regime II crystallisation [ 21]. 
 
Figure 2.10 Lauritzen-Hoffman growth regimes at various supercooling 
[ 30] 
 
The lamellar thickness is dependent on the supercooling and is governed by eq. 
2.13 [ 31]. According to eq. 2.13, a high supercooling will result in thinner 
lamellae and vice versa.  
 
ܮ ൌ ଶఙ೐ ೘்బ∆ୌ౜∆୘ ൅ ߜܮ eq. 2.13 
where, 
L = lamellar thickness 
ߪ௘  = crystal end (fold) surface energy 
T୫଴  = equilibrium melting temperature 
∆H୤ = heat of fusion 
∆T  = T୫଴ െ 	T (degree of supercooling) 
ߜܮ = quantity which arises from the kinetic theory that varies slowly with supercooling 
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2.2 INFLUENCE OF PIGMENTS ON THE CRYSTALLISATION 
BEHAVIOUR AND PROPERTIES OF POLYOLEFINS 
 
In Section 2.1, it was shown that the crystallisation process is dependant on the 
degree of supercooling and also the mode of nucleation. In practice, most 
polymer crystallisation takes place through heterogeneous nucleation due to the 
inevitable presence of impurities such as catalyst residues in the polymer. Beck 
[ 32], Binsbergen [ 33,  34] and Chatterjee et al. [ 35] conducted extensive studies 
to understand the nature of heterogeneous nuclei and their nucleating abilities. 
The authors studied the possible factors which could affect the heterogeneous 
nucleation, such as the chemical structure, crystallographic unit cell, lattice 
parameters and surface energy of the heterogeneous nuclei. A wide range of 
organic and inorganic compounds were studied but not so many investigations 
were focussed on pigments. Most published studies on the latter discussed the 
effect of the pigments on the crystallisation and other properties of polymers but 
less attention has been paid to the mechanism of the pigment nucleation.  
 
In this section, the influence of pigments on the crystallisation behaviour and 
other properties of polyolefins are discussed. This provides an overview of the 
current understanding of the warpage problems and the areas where more 
studies could be conducted in order to have a better understanding. Various 
characterisation techniques employed in the study are also discussed. 
 
2.2.1 Polyethylene 
HDPE has substantial application in large injection moulded articles such as 
industrial containers and crates that require good dimensional stability. Very 
often these articles are coloured and problems arise when some of the 
pigments used in the formulation affect the dimensional stability. Mould 
shrinkage and warpage in HDPE are common problems observed when organic 
pigments are used [ 10, 36- 40]. Mould shrinkage is defined as the difference 
between the linear dimension of the mould and the moulded part at room 
temperature [ 41]. Standard test methods such as ASTM D955 and ISO 294-4 
are commonly used to determine the shrinkage of plastics. The specimens are 
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usually prepared by injection or compression moulding in the form of 
rectangular bar (127 mm X 13 mm X 3 mm), square plaque (60 mm X 60 mm X 
2 mm) or round plaque (100 mm diameter with 3 mm thickness). The mould 
shrinkage is expressed as: 
 
Sw  = (Wm – Ws) X 100/Wm  
Sl  = (Lm – Ls) X 100/Lm  
where, 
Sw and Sl are the mould shrinkage in transverse and flow directions expressed in %, 
Wm and Lm are the mould dimensions in transverse and flow directions, 
Ws and Ls are the specimen dimensions in transverse and flow directions. 
 
Very often, only the shrinkage along one direction, especially the flow direction 
is reported in the resin datasheet. The shrinkage values are also commonly 
thought to indicate part warpage. Shrinkage ratio which is defined as the ratio of 
shrinkage in the flow direction (FD) to the shrinkage in the transverse direction 
(TD) is usually used as an indication of warpage [ 37, 42, 43]. Isotropic part or 
warp-free part will have shrinkage ratio of 1 while part with shrinkage ratio 
deviating from 1 will have a high tendency in warpage. No one has so far shown 
the correlation of the shrinkage ratio with the actual warpage. Tomlins et al. 
[ 38,  44] measured both shrinkage ratio and warpage but did not discuss on their 
correlation.  
 
Warpage is a distortion that causes a part to bend or twist out of shape and 
alters not only the dimensions but also the contours and angles of the part [ 41]. 
It results when differential or non-uniform shrinkage occurs within a part [ 41]. 
Non-uniform shrinkage commonly occurs under conditions such as differential 
orientation induced by fibre fillers, differential cooling, differential thermal strain 
and moulding conditions [ 41]. Non-uniform shrinkage induced by pigments is 
however less understood. Figure 2.11 show examples of part warpage which 
usually encountered with organic pigments. 
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Figure 2.11 Examples of warpage in moulded part containing organic pigment  
 
The extent of warpage is typically assessed by measuring the maximum height 
of a warped specimen placed on a flat surface as shown in Figure 2.12. The 
warpage is expressed as warp index which is the height produced by the 
warpage divided by the diameter of the specimen. This allows the comparison 
of warp index of specimens with varying diameters. However, the diameter of a 
warped specimen can be difficult to measure and so it is often more convenient 
to use the warpage height as a measure of warpage. A reputable plastic 
container manufacturer, Tupperware, employed a similar warpage 
measurement where the height of the highest edge was measured with the 
substrates placed on a flat surface but without any load on the end [ 45]. The 
two methods have a common similarity whereby no sophisticated tool is 
involved. A more complex and less commonly used method was suggested by 
Tomlins [ 46]. It involved the shadow Moire interferometry measurement to 
obtain the co-ordinates in three dimensions.  
 
 
 
 
 
 
 
Figure 2.12 Warpage assessment in injection moulded specimen [ 41] 
Warped tray Warped lid 
Diameter 
Load 
Warpage Height 
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The three dimensional surface was fitted to the co-ordinates allowing the out-of-
plane deformations to be determined together with true shrinkages in directions 
both parallel and perpendicular to the flow [ 46].  
 
HDPE containing organic pigments, particularly phthalocyanine often 
experiences higher mould shrinkage in the flow direction than in the transverse 
direction [ 37, 40, 42, 47]. Tomlins [ 38] suggested that these differences were most 
likely the driving force for out-of-plane warpage. According to Turturro et al. [ 39], 
warpage could also be affected by the nucleating effect of organic pigments. A 
thick skin consisting of less perfectly crystallised polymer could develop due to 
strong nucleating effects of the organic pigment. This skin could subsequently 
re-crystallise and cause the part to warp. Suzuki and Mizuguchi [ 40] on the 
other hand, concluded that organic pigments which increased the nucleation 
frequency could induce internal stress and eventually lead to warpage. Based 
on the explanations from the few authors who had explored the matter, it is 
evident that the warpage mechanism is not well understood. The explanations 
were rather vague and there was also a lack of evidence to show how the 
pigments could induce the warpage in polymer. A common understanding 
shared by the authors is that the warpage is related to the nucleation effect from 
the pigments although it is not clear how this can lead to the warpage. 
 
The nucleating effect from organic pigments on polymer can be studied through 
crystallisation using differential scanning calorimetry (DSC). This can be done 
using non-isothermal and isothermal techniques. Non-isothermal crystallisation 
studies of HDPE containing organic pigments such as phthalocyanine blue, 
phthalocyanine green and condensed azo have shown an increase in 
crystallisation onset temperature of about 2 °C compared with the unpigmented 
HDPE [ 40]. The increase in crystallisation onset temperature is not much 
compared with the same pigments in PP, in which about 15 °C increment can 
be obtained. Figure 2.13 shows the typical non-isothermal DSC cooling traces 
of pigmented PP having a higher crystallisation temperature than the 
unpigmented PP. 
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Figure 2.13 Non-isothermal DSC cooling traces showing pigment 
nucleation in PP [ 48] 
 
The lower increment of the crystallisation temperature in the nucleated HDPE is 
because of a more rapid crystallisation in HDPE compared with PP. The HDPE 
is also more readily to crystallise as it requires less supercooling compared with 
the PP. Chan [ 42] meanwhile, observed an increase in the crystallisation onset 
and peak temperatures of about 4 °C in HDPE containing phthalocyanine green 
pigment compared with the unpigmented HDPE. Thanomkiat et al. [ 49] also 
reported similar findings but additionally noted that the increase could correlate 
to the pigment content.  
 
The increase in the crystallisation onset temperature in the pigmented HDPE 
sample indicates that the organic pigments could act as heterogeneous nuclei 
by providing pre-existing surfaces for nucleation. This reduces the free energy 
barrier for nucleation and allows crystallisation to take place at a higher 
temperature. Inorganic pigments such as titanium dioxide and cadmium yellow 
on the contrary do not have influence on the crystallisation temperature of 
HDPE [ 40]. This could be due to the lack of pigment-polymer interaction as 
suggested by Bugnon et al. [ 50].  
 
Bugnon et al. [ 50] conducted a study on cryo-fractured HDPE containing organic 
and inorganic pigments to investigate how the organic pigments could nucleate 
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HDPE. They demonstrated that the organic pigments with a hydrophobic 
surface showed good compatibility with the polymer. On the other hand, 
inorganic pigments which have hydrophilic surface were found to be 
incompatible with the polymer. This was evidenced by the observation of 
pigment particles that situated in a cavity built around by the polymer. The good 
pigment-polymer compatibility allowed the organic pigment to have strong 
interactions with the polymer. They further suggested that the polymer chains 
could tie to the pigment particles due to the strong interactions. These could 
restrain the chain movement and hinder mechanical relaxation leading to 
warpage. The authors provided a good finding and explanation on the possible 
mechanism of pigment nucleation through pigment-polymer compatibility. More 
evidence is however required to support on the suggested warpage 
mechanism. 
 
Suzuki and Mizuguchi [ 40] observed a correlation between the crystallisation 
onset temperature and mould shrinkage. Organic pigments that induced high 
crystallisation onset temperature were found to cause high mould shrinkage. 
Inorganic pigments which did not influence the crystallisation temperature on 
the other hand have insignificant effect on the mould shrinkage. It has to be 
noted that the mould shrinkage is not the cause of warpage. Instead, it is the 
non-uniform shrinkage that causes the warpage. Hence, the correlation 
between crystallisation onset temperature and warpage has yet to be verified. 
 
The effect of pigments on the crystallisation of polymer can also be studied by 
isothermal crystallisation. Isothermal crystallisation is commonly studied using 
techniques such as hot-stage microscopy, dilatometry and DSC. In hot-stage 
microscopy, the nucleation and spherulite growth can be studied independently 
but often confined to the early stage of crystallisation before the spherulite 
impingement. On the contrary, dilatometry and DSC are unable to study the 
nucleation and spherulite growth independently but they are able to follow the 
overall conversion of amorphous to crystalline. Booth and Hay [ 51] 
demonstrated advantages such as rapid analysis and smaller specimen size 
when using DSC compared with the dilatometry. Isothermal technique was 
commonly employed to measure the crystallisation rate through crystallisation 
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half-time [ 52, 53]. Crystallisation half-time is defined as the time taken for 50 % 
of the crystallisation to occur.  
 
Turturro et al. [ 39] studied using dilatometry and found that organic pigments 
from the classes of phthalocyanine, perylene and diazo have the ability of 
increasing the crystallisation rate of HDPE. It was also found that the 
crystallisation rate of HDPE containing chlorinated phthalocyanine increased 
with the pigment concentration but reached a constant value at about 0.5 wt%. 
Chan [ 42] used a reciprocal of crystallisation half-time to represent 
crystallisation rate similar to Yu and He [ 54]. The author demonstrated that the 
phthalocyanine green pigment had significantly increased the crystallisation rate 
of the HDPE at the isothermal temperature of 123 °C to 126 °C. The pigment 
also enabled the HDPE to crystallise at 125 °C and 126 °C which otherwise 
could not occur. Suzuki et al. [ 40] reported a correlation between crystallisation 
half-time determined at 129 °C and mould shrinkage. The mould shrinkage of 
HDPE containing organic pigments was found to increase with decreasing 
crystallisation half-time (increasing crystallisation rate). As mentioned earlier, no 
published studies have so far correlated the crystallisation onset temperature 
and crystallisation rate with the actual extent of warpage. All the studies were 
limited only to the investigation of the effect of pigments on crystallisation of 
polyethylene. 
 
Crystallisation kinetics of polymers could be studied using DSC via isothermal 
[ 51- 53, 55] and non-isothermal techniques in conjunction with Avrami [ 56, 57] 
and Ozawa [ 58] equations respectively. The Avrami treatment of polymer 
crystallisation cannot usually determine the crystallisation mechanism 
unequivocally but it can be used to detect differences in the crystallisation 
behaviour [ 53]. The Avrami exponent (n) and rate constant (k) can be obtained 
from investigating the crystallisation kinetics using the Avrami equation.  The n 
indicates the dimensionality of crystal growth while the k depends on the 
geometry of the crystal growth. Figure 2.14 shows a typical Avrami plot with the 
linear section of the curve representing the primary crystallisation and the non-
linear section the secondary crystallisation.  The n is obtained from the slope 
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while the k is obtained from the y-intercept. The interpretation of the Avrami 
coefficients is summarised in Table 2.2. 
 
 
 
Figure 2.14 A typical Avrami double log plot [ 59] 
 
Table 2.2 Interpretation of Avrami coefficients [ 30] 
 
Primary 
Crystallisation 
Secondary
Crystallisation 
Crystallisation 
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Turturro et al. [ 39] found a lower n in HDPE containing organic pigments 
compared with the unpigmented HDPE [ 39]. This was also supported by the 
morphology observed in the pigmented HDPE, which was completely different 
from the spherulitc structure of the unpigmented HDPE [ 39]. Chan [ 42] 
demonstrated that the phthalocyanine green pigment could cause a reduction in 
n from 3 in unpigmented HDPE down to 2.3 in pigmented HDPE. This suggests 
a change from a 3-dimensional sphere to a shape that a 2-dimensional disk 
under heterogeneous nucleation. The Ozawa equation does not seem to be 
suitable for non-isothermal crystallisation kinetic study for polyethylene. Various 
non-isothermal crystallisation kinetic studies [ 42, 60, 61] using the Ozawa 
equation on HDPE showed non-linearity in the Ozawa plots. The Ozawa 
exponent (m) cannot be determined due to the continuous change in the slope 
with temperature. Zou et al. [ 61] suggested that this could be due to the 
occurrence of secondary crystallisation which involved the improvement of 
crystalline order. 
 
No significant change in the degree of crystallinity was reported by Turturro et 
al. [ 39] and Chan [ 42] in the pigmented HDPE compared with the unpigmented 
HDPE. This implies that the pigments only influence the kinetics and not the 
thermodynamics of the crystallisation process.  
 
The nucleation effect of the pigments in polymer can be further justified through 
the study of the polymer morphology. Usually the pigment is found to increase 
the nucleation density causing smaller crystalline grain size. These can be 
studied using techniques such as polarised light microscopy (PLM), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM) and small-
angle light scattering (SALS) [ 21, 62]. Polyethylene spherulites observed using 
polarised light microscope as shown in Figure 2.5a earlier could reduce in size 
with the presence of organic pigments. The microstructure of the nucleated 
polyethylene samples is usually unable to be resolved by PLM. Instead, SEM 
and TEM techniques are employed when high resolution and magnification is 
required. SALS on the other hand, is also a good technique for the 
measurement of average radius of very small spherulites [ 21]. 
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Smaller crystalline grains could be obtained in HDPE containing chlorinated 
phthalocyanine compared with the pure polymer [ 37, 39, 42]. Additionally, 
Turturro et al. [ 39] reported that the grain size dimension would change with 
increasing pigment content from 0.1 wt% to 0.5 wt%. In contrast, the 
morphology of HDPE containing the inorganic pigment cadmium selenide was 
very similar to the pure HDPE. Besides that, it was also demonstrated that the 
spherulitic structure of HDPE was completely changed to a new morphology 
with the addition of chlorinated phthalocyanine. This is shown by the 
chromium/carbon replica of the unpigmented HDPE and pigmented HDPE 
obtained using TEM in Figure 2.15. The pigment seems to induce the 
development of fibrils which subsequently do not organise into spherulites as 
evidenced by the lack of symmetry [ 39] (refer to Figure 2.15b). 
 
 
 
Figure 2.15 Chromium/carbon replica of surface of (a) unpigmented HDPE 
and (b) HDPE containing chlorinated copper phthalocyanine green [ 39] 
 
From the few published studies carried out, it is clear that the organic pigments 
which act as heterogeneous nuclei could induce a high crystallisation 
temperature and crystallisation rate. The spherulite size is also reduced. The 
pigments could also completely change the morphology of the polyethylene by 
promoting the development of fibrils that do not arrange into spherulites. The 
pigments should have a good compatibility with the polymer in order to be 
effective heterogeneous nuclei. So far, none has discussed in detailed on the 
relation of the morphology formed through the pigments and the influence on 
the warpage. There have also been attempts in the literature to explore the 
relationship between pigment induced nucleation of crystal growth and warpage 
of pigmented polyethylene. 
(a) (b) 
Centre of nucleation 
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2.2.2 Polypropylene 
Polypropylene (PP) has significant usage in injection moulded articles and 
fibres, in which they are often coloured [ 63]. Similarly to PE, there is surprisingly 
little published information on the effect of pigments on the shrinkage and 
warpage of injection moulded PP even though the problem is far from new. 
Most of the studies conducted tend to focus on the effect of pigments on the 
crystallisation and morphology of PP. Besides the shrinkage and warpage 
problems, the effects on other properties such as the tenacity of fibres are also 
a concern when pigments are used.  
 
The effect of organic pigments in PP, particularly copper phthalocyanine 
pigment, has been studied extensively [ 40, 48, 64- 68]. Other pigments studied 
include quinacridone [ 40, 48, 67, 68- 70], diarylide yellow [ 67], heterocyclic yellow 
[ 68] and metallised azo red [ 67]. These are the primary colours which can be 
used for subtractive colour mixing to obtain secondary colours such as purple, 
orange and green. The studies were mainly performed using techniques such 
as Differential Scanning Calorimetry (DSC), polarised light microscopy and in 
certain cases X-Ray diffraction (XRD). The concentration of organic pigments 
studied typically ranged from 0.1 to 2 wt%.  
 
Non-isothermal crystallisation studies using DSC have shown that the 
crystallisation temperature in the pigmented PP is shifted to a higher 
temperature compared with unpigmented PP. PP containing copper 
phthalocyanine blue pigment was reported to have an increase in the 
crystallisation peak temperature in the range of 12 to 19 °C [ 12, 48, 64- 67]. As 
mentioned earlier, the increase in the crystallisation temperature is much more 
significant compared with the same pigment in PE. Generally, it was reported 
that the crystallisation peak temperature increased with the concentration of 
copper phthalocyanine blue pigment [ 12, 64]. The same effect on the 
crystallisation peak temperature was also observed in PP containing copper 
phthalocyanine green, quinacridone, diarylide yellow, heterocyclic yellow and 
metallised azo red [ 48, 67, 68].  
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Broda [ 48] explained why phthalocyanine and quinacridone pigments can 
nucleate PP in terms of their crystal structures. For the phthalocyanine pigment, 
the edges of the pigment molecules form parallel ditches on the crystal surface, 
which enable the accommodation of straight segments of PP chains. This 
decreases the free energy for the formation of critical nucleus. This is similar 
with the proposed mechanism of nucleation by Binsbergen [ 33]. The 
quinacridone on the other hand, has crystal dimension that is perfectly matched 
with the axis repeat distance of the PP helix enabling epitaxial growth of the PP. 
The concept of lattice matching and epitaxial crystallisation between nucleating 
agent and polymer was proposed by Wittmann and Lotz [ 71- 74]. Figure 2.16 
shows an example of lattice matching between PP and phosphate ester salt 
based NA-11 nucleating agent. The b-cell dimension of the monoclinic NA-11 
(6.08 Å) is observed to match with the c-cell dimension of the PP (6.50 Å). This 
subject will be discussed in detailed in Section 2.3.3.  
 
 
Figure 2.16 Lattice matching between PP and NA-11 nucleating agent [ 75] 
 
The effect of pigments on crystallisation of PP has also been studied using the 
isothermal crystallisation technique. Wlochowicz and Eder [ 64] showed that the 
Avrami exponent was reduced from 3 to 2.2-2.5 with the addition of organic 
pigments. It was suggested that the change was due to a mixed mechanism of 
crystal growth that consisted of disk-like and three dimensional growths. 
PP helix 
NA-11 
crystal 
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Interestingly, Tomlins and Richardson [ 65] reported a constant overall degree of 
crystallinity of approximately 59 % despite the morphological differences seen in 
the PP containing phthalocyanine blue pigment compared with the unpigmented 
PP. 
 
Usually PP has a single melting peak at around 162 °C due to melting of the 
more stable α crystalline phase [ 69]. In the case of PP with quinacridone, 
however, an additional melting peak at 148 °C due to the melting of ß crystalline 
phase was reported by Jacoby et al. [ 69] and Sterzynski et al. [ 70]. Figure 2.17 
presents the DSC endotherm showing the melting of ß crystalline phase of 
polypropylene at 148 °C.  
 
Jacoby et al. [ 69] reported that the presence of the ß crystalline phase could 
affect the mechanical properties by lowering the tensile modulus, yield stress 
and increasing the elongation at break compared with the unpigmented PP. 
Sterzynski et al. [ 70] also reported similar findings but observed that the material 
became brittle at higher pigment concentration. The increased in ductility with 
the presence of the ß crystalline phase may be attributed to the way the ß 
crystalline phase deforms during large-scale deformation.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17 DSC endotherm showing the melting of polypropylene ß and ɑ 
crystalline phases [ 69] 
ß 
ɑ 
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When deformed under tension, the β crystalline phase undergoes substantial 
voiding and the crystalline material transforms into the “smectic” paracystalline 
form [ 69]. On the contrary, the mechanical properties of PP containing 
phthalocyanine pigment are different compared with the quinacridone. Marks 
and Leathem [ 66] showed that the tensile modulus of PP extruded film with 
copper phthalocyanine blue pigment was much higher than the unpigmented 
film. In addition, the percentage elongation was also considerably reduced in 
the pigmented film. 
 
Besides the increase in the crystallisation temperature discussed earlier, the 
nucleation effect of the organic pigments in PP is also manifested in a dramatic 
reduction in the spherulite size as shown by the optical micrographs obtained 
using polarised light in Figure 2.18. The spherulites with the size of about 250 
µm in the unpigmented PP as shown Figure 2.18a have transformed into fine 
texture when organic pigment is added into the PP as shown in Figure 2.18b. 
Tomlins et. al. [ 65] reported that the spherulite size was reduced from 100 µm in 
unpigmented PP to less than 10 µm in PP containing phthalocyanine blue 
pigment. A similar observation was reported by Broda [ 48] where the 
unpigmented PP with a spherulite size of 60 to 80 µm was reduced to 2 to 3 µm 
in PP containing phthalocyanine blue pigment and quinacridone. Some unusual 
morphology was observed with quinacridone formulations where bright 
columnar structures were found. These structures were identified as the β 
crystalline form of PP as mentioned earlier. 
 
 
 
 
 
 
 
 
 
Figure 2.18 Optical micrographs of (a) unpigmented PP and (b) pigmented 
PP obtained using polarised light [ 65] 
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Inorganic pigments on the other hand do not have a significant effect on the 
crystallisation of PP. Some of the inorganic pigments studied include iron oxide 
red [ 66], carbon black [ 67], titanium dioxide [ 67] and ultramarine blue pigment 
[ 12]. Spherulites of PP containing iron oxide and carbon black were observed to 
be slightly smaller than the unpigmented PP [ 66, 67]. Meanwhile no difference in 
the morphology was observed in PP containing titanium dioxide and ultramarine 
blue pigment [ 12, 67]. An increase of about 1 to 6 °C in the crystallisation peak 
temperature was reported in PP containing carbon black, titanium dioxide and 
ultramarine blue pigment compared with the unpigmented PP [ 12, 67]. No 
change was reported in PP containing iron oxide pigment [ 12]. These effects 
are far less pronounced than the effect caused by the organic pigments 
discussed earlier.  
 
2.3 SHRINKAGE AND WARPAGE CONTROL 
The shrinkage and warpage are also influenced by the processing condition and 
part design. Shrinkage and warpage can be influenced by the injection 
moulding conditions such as the melt & mould temperatures, injection rate, 
holding pressure and holding time.  
 
The influence of melt temperature on shrinkage is represented by a U-shaped 
curve as shown in Figure 2.19a. At low melt temperature, the melt hardly fills 
the mould cavity before the gate has frozen and thus the cavity is not effectively 
packed. Pressure is low at the area further from the gate and this is where the 
material shrinks most. At the other extreme, if the melt temperature is very high, 
an increase of shrinkage is expected due to high melt core temperatures and 
the gate which stays open past the holding time.  The melt temperature also 
affects the degree of molecular orientation in the mould as shown in Figure 
2.19f. As melt temperature is increased, the molecules have more energy to 
align with the flow direction resulting in a high degree molecular orientation. 
When the melt temperature is increased further however, the part will remain 
molten for longer time in the cavity and this allows more time for stress relief 
and resulting in lower degree of molecular orientation.  
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The mould temperature influences the cooling rate of the material. A part 
moulded from a semi-crystalline thermoplastic shrinks less when it is cooled 
rapidly as there is less time for the molecules to re-align into larger crystalline 
structures as shown in Figure 2.19b. Rapid cooling however causes high 
degree of molecular orientation as shown in Figure 2.19f and the part is also 
more prone to post-mould shrinkage and warpage over time. 
 
When injection rate is low, material starts to cool before the mould cavity is fully 
filled. Higher pressure is required to fill the cavity and this causes less efficient 
packing in the cavity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 2.19 Influence of various injection moulding conditions on 
shrinkage and degree of orientation [ 41] 
 
(a) 
(c) 
(e) 
(b) 
(d) 
(f) 
Mould temperature 
Mould temperature 
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The resulting higher shrinkage obtained is shown in Figure 2.19c. On the 
contrary, when the cavity is filled too fast, the pressure drop at the gate is 
significant and the pressure required for filling the mould increases. The 
temperature of the melt filling the cavity also increases as a result of the high 
shear and causes the material to shrink more.  
 
Generally, shrinkage is low when the holding pressure is high as shown in 
Figure 2.19d. The material is compressed at high holding pressure and when 
the material shrinks during cooling, additional melt is squeezed into the mould 
cavity. The additional melt added into the mould cavity will decrease the overall 
shrinkage. Long holding time causes low shrinkage as the material is hindered 
from expanding out of the cavity into the runner before the gate has frozen as 
shown in Figure 2.19e. Long holding time however will cause more orientation 
by maintaining a low level of flow in the mould for a longer time as shown in 
Figure 2.19f. 
 
Besides the injection moulding conditions, part thickness also has significant 
effect on the mould shrinkage especially in semi-crystalline polymers. The 
relationship of the part thickness and mould shrinkage is shown in Figure 2.20. 
The shrinkage usually increases with the part thickness and this is due to the 
increase in cooling time or slower cooling rate. There is also variation in 
shrinkage across the thickness where the outer skin layer which cools faster 
whilst being under high shear resulting in reduced crystalline content relative to 
the core which is less highly sheared and takes longer to cool. 
 
Figure 2.20 Effect of part thickness on mould shrinkage in semi-crystalline 
polymers [ 41] 
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Consequently, the skin shrinks less while the core shrinks more. There are also 
other design factors which can affect the shrinkage and warpage such as the 
gate types, size & location, positioning of the ribs & bosses and runner design. 
 
Warpage caused by pigments is difficult to eliminate by adjusting the injection 
moulding conditions. The pigments also do not affect the shrinkage of polymers 
equally and moulders have to adjust the moulding conditions accordingly in 
order to compensate for the variations. Usually the injection moulding conditions 
that yield the least shrinkage and warpage problems often result in a longer 
cycle time. As such, there are various approaches employed in the industry 
which rely on the usage of suitable pigments and additives that does not cause 
the shrinkage and warpage problems. Some of the approaches will be 
discussed in the following sections. 
 
2.3.1 Surface treatment and chemical modification of pigments 
The surface characteristics of pigment particles are often modified to change 
their dispersibility, rheological properties, heat fastness and also to avoid 
polymer shrinkage [ 76]. In general there are three types of surface treatment, 
which include physisorption, chemisorption and encapsulation of particles [ 77]. 
Physisorption involves adsorption of synthetic polymers or surfactants onto the 
surface of the pigment particles to prevent agglomeration via steric stabilisation. 
For example, polyethylene glycol (PEG) is used in surface treatment of copper 
phthalocyanine blue pigment to improve wettability of the pigments in aqueous 
media [ 77]. A similar approach may be used in pigments for plastics to improve 
the wettability in the melt during processing. However, it is highly likely that a 
physisorbed coating will be displaced during melt processing. Chemical bonding 
(chemisorption) between surface modifier and pigment on the other hand will 
greatly reduce the chance of displacement. Encapsulation of pigments via 
techniques such as emulsion polymerisation is performed, for example, on 
copper phthalocyanine blue pigments with polystyrene latex particles to improve 
dispersibility in aqueous solution in paint. An important criterion for successful 
encapsulation is that the pigment particles must be correctly dispersed in the 
continuous phase to avoid large aggregates.  
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There are many patents using the surface treatment approach to reduce the 
interaction between pigments and polymers through the barrier formed by 
coatings. The coatings include melamine-formaldehyde resin [ 78], crosslinked 
ethyl cellulose [ 79], metal oxides [ 80], polar polymers [ 81, 82] and zirconium or 
titanium phosphate complexes [ 83]. Melamine-formaldehyde coating inhibits the 
influence of pigments on the polymer by being insoluble and it does not melt at 
processing temperatures [ 78].  However, severe mechanical forces such as 
those from grinding processes should be avoided as they may damage the 
brittle coating [ 78]. Metal oxides and polar polymer coatings function by 
simulating the hydrophilic surface of inorganic pigments, which do not induce 
warpage in HDPE [ 50].  
 
Besides coatings, the surface of organic pigments is also modified through 
exposure to low temperature plasma, which alters the surface in such a way 
that it will no longer have an interfering effect on the crystallisation and warpage 
phenomena in pigmented products [ 84]. Less thermally stable organic pigments 
can be treated by this technique by the use of low temperature plasma 
generally from 20 °C to 70 °C [ 84].  
 
A treated phthalocyanine pigment with warpage-free properties is prepared by 
heating the pigment to a temperature of at least 80 °C as a suspension in an 
acid-free organic medium in the presence of a base [ 85]. Test results provided 
show a reduction in warpage but no further explanation was given on how this 
treated pigment works [ 85]. Chemical modification of pigments involves slight 
changes to the chemical structures to provide the desired properties. Incipiently 
chlorinated copper phthalocyanine pigments having about 2 to 10 chlorine 
atoms per molecule provide strong blue copper phthalocyanine pigments with 
warp-free properties [ 86]. These pigments are claimed to be used for polyolefins 
and polyamide without warpage [ 86]. 
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2.3.2 Pigment preparations 
A pigment preparation is a mixture of pigment with derivatives and other 
chemical compounds which are present in higher amounts than surface 
treatments [ 76]. It has been found that some pigment preparations can help in 
colouring of semi-crystalline polymers with minimal distortion. Sawai et al. [ 87] 
discovered a colouring composition for polyethylene that comprises an organic 
pigment and at least one organometal compound. It was claimed that the 
presence of organometal compounds could change the surface energy of 
organic pigments and hence improved the dimensional stability of the coloured 
moulded articles [ 87].  
 
Weber et al. [ 88] claimed that colouration of semi-crystalline polymers without 
distortion can be achieved by pigment preparations based on 
diketopyrrolopyrrole pigments. The said preparations consist of a 
diketopyrrolopyrrole pigment and a pigment dispersing agent based on 
sulphonated diketopyrrolopyrrole derivatives. Usually pigment derivatives 
adhere well to the pigment surface with the outwardly oriented substituents 
having a considerable influence on the interaction forces between the pigment 
and polymer [ 89]. 
 
 A three component preparation consisting of phthalocyanine, vinyl or acrylic 
polymer and optionally halogenated phthalocyanine provides unexpected 
synergism that also results in warp-free pigmentation in semi-crystalline 
polymers [ 90].  
 
An interesting green pigment preparation with low-warpage colouring of semi-
crystalline polymers is characterised by a mixture of Pigment Yellow 214 and at 
least one phthalocyanine blue pigment [ 91]. This reduces the amount of 
phthalocyanine pigment in the polymers which could effectively minimise the 
warpage. This preparation also shows distinctly higher cleanness in colour tone 
compared with mixtures with other yellow pigments. 
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2.3.3 Addition of nucleating agent 
In the early years, nucleating agents were mainly used to increase processing 
speed and stiffness properties. Later, the usage became wider allowing the 
production of clarified semi-crystalline polymers and parts with higher heat 
distortion temperature (HDT). There are mainly used in polypropylene and 
typical examples are sodium benzoate, talc and phosphate ester salts. An 
effective nucleating agent for polyolefins typically contains a polar group which 
renders the nucleating agents insoluble in the polymer melt and an organic 
group that improves wetting with the polymer [ 71].  
 
Generally, nucleating agent [ 92, 93]: 
a) Contains both an organic and a polar group. 
b) Is well dispersed in the polymer. 
c) Is insoluble in the polymer to provide rigid structures for nucleation. 
d) Has an epitaxial match with the polymer crystal. 
e) Can chemically react with the polymer and the reaction product 
nucleates the polymer. 
 
Two grades of carboxylic acid salt type of nucleating agents namely Hyperform 
HPN-20E (Figure 2.21a) and Hyperform HPN-68L (Figure 2.21b) have been 
produced by Miliken since 2002. The two nucleating agents share similarity in 
terms of chemical structure where both consist of cycloalkane dicarboxylate.  
 
 
 
 
 
 
 
 
 
Figure 2.21 Carboxylic acid salt type of nucleating agents based on 
(a)calcium and (b) sodium[ 94] 
 
(a)Dicarboxylate calcium metal salt  (b)Bicyclo[2.2.1] heptane dicarboxylate salt  
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The metal cation in HPN-20E is based on calcium while in HPN-68L is based on 
sodium. The crystal structures for both nucleating agents have not been 
published so far. The cycloalkane structure should be the non-polar group 
which interacts with the polymers while the dicarboxylate group is needed to 
render the nucleating agent insoluble in the polymer melt. The two nucleating 
agents were developed not only to increase the crystallisation temperature of 
PP but also to balance crystalline orientation leading to isotropic PP parts [ 95]. 
For example, the HPN-20E nucleating agent could influence the crystalline 
orientation in PP so that the part has minimal and isotropic shrinkage with 
respect to the machine (MD) and transverse (TD) directions while having high 
shrinkage through the thickness as shown in Figure 2.22a. On the other hand, 
the HPN-68L nucleating agent could influence high and isotropic shrinkage in 
the MD and TD while having minimal shrinkage through the thickness as 
depicted in Figure 2.22b.  
 
Additionally, it is also claimed that the two nucleating agents are able to 
override the nucleation from the pigments [ 43]. Overriding effect is often used to 
describe a phenomenon where the nucleation process is dominated by a 
nucleating agent due to its ability to cause a higher crystallisation temperature 
compared to the pigments. By overriding the pigment nucleation, the negative 
shrinkage and warpage effects from the pigment can be eliminated. 
 
                
 
Figure 2.22 Different shrinkage profiles induced by (a) Hyperform HPN-
20E and (b) Hyperform HPN-68L nucleating agents [ 95] 
 
 
(a)Hyperform HPN-20E (b)Hyperform HPN-68L 
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Much of the work disclosed however was mainly on PP. It is not surprising that 
the nucleating agent is rarely used or rather unsuccessfully used in 
polyethylene due to the fact that polyethylene is a rapidly crystallising polymer 
and it may not be possible to further increase the crystallisation temperature 
and crystallisation rate through addition of nucleating agent (refer to Table 2.3) 
 
Table 2.3 Polymer crystal growth rate [ 96] 
Polymers Maximum crystal growth rate, vmax (µm/s) 
HDPE 80 
Nylon 66 20 
Nylon 6 3 
PP 0.3 
PET 0.1 
 
There are a few studies that demonstrate the use of nucleating agents in 
mitigating pigment induced shrinkage and warpage problems. Tomlins et al. [ 46] 
investigated the influence of nucleating agents on the dimensional stability of 
pigmented PP mouldings. The type of nucleating agents and pigments used in 
their work was not disclosed but it was reported that the addition of nucleating 
agent can substantially reduce in-plane warpage. The effect of nucleating 
agents in PP was reported to vary with different pigments. It was also explained 
that the shrinkage ratio was much more sensitive to the type of nucleating agent 
rather than its concentration [ 46]. There were claims that the dimensional 
stability of polyolefins can be improved by adding zinc glycerolate as a 
nucleating agent. The shrinkage was reported to be considerably reduced when 
zinc glycerolate was added in medium impact polypropylene copolymer 
containing Pigment Yellow 110 [ 97]. The influence of two types of nucleating 
agents, namely, potassium stearate and carboxylic acid salt, in HDPE 
containing chlorinated copper phthalocyanine pigment has been recently 
investigated [ 42]. In the study, it was reported that potassium stearate failed to 
act as a nucleating agent in HDPE, which may likely be due to poor dispersion 
of potassium stearate in the polymer. The carboxylic acid salt on the other hand 
was able to nucleate HDPE but with minimum effect on reducing anisotropic 
shrinkage induced by the pigment [ 42]. This indicates that only the use of 
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specific types of nucleating agent and the correct method of addition will 
effectively eliminate the pigment induced shrinkage and warpage problem.  
 
Wittmann and Lotz [ 71] proposed that the interaction between polymer and 
nucleating agents occurred through epitaxy based on a lattice match. This was 
shown by their work where polyethylene was epitaxially crystallised onto 
aromatic hydrocarbons such anthracene and linear polyphenyl through the 
(001) contact plane as depicted in Figure 2.23. Lattice matching involves nearly 
identical arrangement of atoms between two parallel crystal planes and the 
extent of lattice match as proposed by Wittmann and Lotz [ 71] is estimated by 
eq. 2.14. A lattice mismatch (∆) of ≤±15 % is required for favorable lattice 
matching in epitaxial crystallisation.  
 
∆ = 100(dp – ds)/ds  eq. 2.14 
where, 
∆ = lattice mismatch 
dp = matching distance of polymer 
ds = matching distance of substrate (nucleating agent) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.23 Epitaxial crystallisation of polyethylene onto (001) plane of 
anthracene and p-terphenyl [ 71] 
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Interestingly, Wittmann et al. [ 72] in a related study observed that polyethylene 
was epitaxially crystallised onto the (001) plane of benzoic acid that consisted of 
non polar benzene rings rather than the plane containing polar carboxyl groups.  
This indicates that interaction between polymer and nucleating agent involves 
not only lattice matching but also polarity matching as well. Binsbergen [ 33] had 
similar view to Wittmann and Lotz [ 71] on the polar and organic groups 
composition in nucleating agents but rejected epitaxy as the mechanism of 
interaction between nucleating agents and polymers. He instead suggested that 
the hydrocarbon groups of the nucleating agents form shallow ditches on the 
crystal surface in which adsorbed polymer molecules can be forced to assume 
a stretched conformation over some distance, making crystallisation easier.  
 
Based on findings from the literature, the success of using nucleating agents in 
solving shrinkage and warpage problems is limited to polypropylene. So far no 
other mechanisms of how nucleating agents solve shrinkage and warpage 
problems have been discussed aside from Milliken who claimed that the 
nucleating agents could override the nucleation by pigments. Although 
interactions between polymer and nucleating agent have been discussed by 
Binsbergen [ 33] and Wittmann et al. [ 71,  72], those were mainly on one-to-one 
nucleating agent-polymer interaction. A nucleating agent mixture is created 
when nucleating agent is used to solve the shrinkage and warpage problems 
since pigment is a nucleating agent as well. The interaction of a sole nucleating 
agent and mixture of nucleating agents with a polymer can be entirely different 
and this topic still remains a subject of investigation. 
 
2.4 SUMMARY 
The structure and properties of polyethylene can be influenced by crystallisation 
process which is dependant on factors such as mode of nucleation, degree of 
supercooling and crystallisation kinetics. Organic pigments which act as 
heterogeneous nuclei in polyolefins can impart undesired properties such part 
distortion and warpage. This problem is particularly more pronounced in HDPE 
[ 10, 36- 40] compared with other polyolefins.  
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Studies showed that this problem is related to the influence of the pigments on 
the crystallisation temperature [ 40, 42, 48, 49, 64- 68], crystallisation kinetics 
[ 39, 40, 42, 64], and morphology [ 37, 39, 42, 48, 65]. However, these aspects have 
not been drawn together in an attempt to gain insight into how they affect 
warpage. Shrinkage and warpage in polymers can also be influenced by 
injection moulding conditions [ 41].  The warpage caused by the pigments is 
difficult to eliminate by adjusting the injection moulding conditions.  
 
Currently, there are a few approaches available to minimise the warpage 
problem. This includes surface treatment of pigments, pigment preparations and 
addition of nucleating agents. Despite that, the warpage problems still persist as 
the current solutions do not always work. It is still an ongoing effort to 
understand the warpage phenomenon induced by the pigments and also to look 
for a better solution in mitigating the problem.  
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CHAPTER 3: EXPERIMENTAL 
The materials, processing conditions and characterisation techniques used in 
the study are discussed in this chapter. Various pigments and polyethylenes 
were used for the study in Chapter 4. The pigments were compounded with 
polyethylenes using a twin screw extruder. The compounded samples were 
injection moulded into test specimens and were used to study shrinkage, 
warpage, crystallisation, morphology and molecular orientation.  
 
Meanwhile, in Chapter 5 the study was based on pigmented HDPE containing 
nucleating agent or filler. The nucleating agent was added into the formulation 
via a masterbatch in order to improve the dispersion of the nucleating agent. 
The materials were also compounded using the twin screw extruder, which was 
followed by injection moulding of the compounds into test specimens. Various 
characterisation techniques were employed to study the effect of nucleating 
agent and filler on the shrinkage and other properties of pigmented HDPE.   
 
3.1 MATERIALS  
This section covers information about raw materials and the reason for using 
them in the study. The information about raw materials is shown in Table 3.1. 
Three types of polyethylene were used. This is to study whether the 
crystallisation and warpage behaviour of polyethylenes with different crystallinity 
and chain branching are similarly affected by the pigments. The polyethylenes 
are typically used in injection moulding and have melt flow rates from 20 g/10 
min to 50 g/10 min (determined at 190 °C/2.16 kg). Due to the inherently narrow 
molecular weight distribution of LLDPE, a higher melt flow rate of LLDPE was 
used for better processability and ease of flow.  
 
Inorganic and organic pigments were used in the study. Sodium alumino 
sulphosilicate, also known as ultramarine pigment, which usually does not 
cause warpage was used as the warp-free inorganic pigment. As for the organic 
pigment, copper phthalocyanine pigment that could cause severe warpage was 
used. This pigment is identified as untreated phthalocyanine pigment 
throughout the study. Another organic pigment, a so called “low warpage” grade 
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of copper phthalocyanine pigment was also used for comparison with the 
conventional grade. This pigment has been modified with 0.1 wt% to 20 wt% of 
phthalocyanine derivatives based on aminomethyl, phthalimidomethyl or 
sulfonate [ 98, 99] and is identified as the treated phthalocyanine pigment 
throughout the study.  
 
In Chapter 5, the effect of nucleating agent and filler on the crystallisation and 
warpage behaviour of pigmented HDPE is discussed. The nucleating agent 
used was 1,2-Cyclohexanedicarboxylic Acid, Calcium Salt. It is identified as 
carboxylic acid salt in the study. As for the filler, calcium carbonate which had 
been treated with stearic acid was used. 
 
 A phenolic antioxidant and a phosphite stabiliser were added into the 
formulation for heat stabilisation of the polyethylenes during processing. 
Polyethylene wax was used to aid the dispersion of pigment during 
compounding, while micronised polyethylene wax was used to improve the 
dispersion of nucleating agent.  
 
Table 3.1 Raw materials used in the study 
Raw materials Trade name Supplier Additional information 
High Density Polyethylene 
(HDPE)  HMA 016 ExxonMobil MFR: 20 g/10 min 
Linear Low Density Polyethylene 
(LLDPE) MG500026 Sabic MFR: 50 g/10 min 
Low Density Polyethylene 
(LDPE)  Cosmothene G812 TPC MFR: 35 g/10 min 
Ultramarine pigment Ultramarine Blue 05 Holliday Pigments C.I. Pigment Blue 29  Sodium alumino sulphosilicate 
Treated phthalocyanine pigment Heliogen Blue K 7104 LW BASF 
C.I. Pigment Blue 15:4  
Low warpage copper phthalocyanine, 
beta form 
Untreated phthalocyanine 
pigment Heliogen Blue K 7090 BASF 
C.I. Pigment Blue 15:3  
Copper phthalocyanine, beta form 
Carboxylic acid salt nucleating 
agent Hyperform HPN-20E Miliken 
CAS# 491589-22-1 
CAS# 557-05-1 
Calcium carbonate Omyacarb 2T-IP Omya CAS# 1317-65-3  Treated with stearic acid 
Phenolic Antioxidant Irganox 1010 Ciba CAS# 6683-19-8 
Phosphite Stabiliser Irgafos 168 Ciba CAS# 31570-04-4 
Polyethylene Wax Licowax PE 520 Clariant CAS# 9002-88-4 
Micronised Polyethylene Wax Ceridust 3620 Clariant CAS# 9002-88-4 d50 value approx. 8 µm 
50 
 
Tables 3.2 to 3.4 show the formulations of HDPE, LLDPE and LDPE samples 
which were studied in Chapter 4. A constant pigment dosage of 0.5 wt% was 
used in the pigmented samples. Tables 3.6 and 3.7 show the formulations of 
pigmented HDPE containing nucleating agent and filler which were studied in 
Chapter 5. The HDPE samples with nucleating agent, shown in Table 3.6, were 
formulated based on a nucleating agent concentrate (masterbatch) having a 
composition as shown in Table 3.5. The nucleating agent was pre-dispersed in 
the HDPE carrier to produce the masterbatch. Improvement of the nucleating 
agent dispersion was achieved by the subsequent compounding of the 
nucleating agent masterbatch.  
 
Table 3.2 Composition of HDPE samples 
Material 
Composition (wt%) 
HDPE  HDPE/U  HDPE/TP  HDPE/P  
HDPE 99.50 99.00 99.00 99.00 
Phenolic Antioxidant 0.03 0.03 0.03 0.03 
Phosphite Stabiliser 0.07 0.07 0.07 0.07 
Polyethylene Wax 0.40 0.40 0.40 0.40 
Ultramarine pigment - 0.50 - - 
Treated phthalocyanine pigment - - 0.50 - 
Untreated phthalocyanine pigment - - - 0.50 
 
 
Table 3.3 Composition of LLDPE samples 
Material 
Composition (wt%) 
LLDPE  LLDPE/U  LLDPE/TP  LLDPE/P  
LLDPE 99.50 99.00 99.00 99.00 
Phenolic Antioxidant 0.03 0.03 0.03 0.03 
Phosphite Stabiliser 0.07 0.07 0.07 0.07 
Polyethylene Wax 0.40 0.40 0.40 0.40 
Ultramarine pigment - 0.50 - - 
Treated phthalocyanine pigment - - 0.50 - 
Untreated phthalocyanine pigment - - - 0.50 
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Table 3.4 Composition of LDPE samples 
Material 
Composition (wt%) 
LDPE  LDPE/U  LDPE/TP  LDPE/P  
LDPE 99.50 99.00 99.00 99.00 
Phenolic Antioxidant 0.03 0.03 0.03 0.03 
Phosphite Stabiliser 0.07 0.07 0.07 0.07 
Polyethylene Wax 0.40 0.40 0.40 0.40 
Ultramarine pigment - 0.50 - - 
Treated phthalocyanine pigment - - 0.50 - 
Untreated phthalocyanine pigment - - - 0.50 
 
Table 3.5 Composition of nucleating agent masterbatch 
Material 
Composition (wt%) 
Nucleating agent masterbatch  
HDPE 95.0 
Carboxylic acid salt nucleating agent 2.5 
Micronised Polyethylene Wax 2.5 
 
Table 3.6 Composition of HDPE sample with nucleating agent 
Material 
Composition (wt%) 
HDPE/0.1%NA HDPE/0.3%NA HDPE/P/0.1%NA HDPE/P/0.3%NA 
HDPE 95.90 87.90 95.00 87.00 
Phenolic Antioxidant 0.03 0.03 0.03 0.03 
Phosphite Stabiliser 0.07 0.07 0.07 0.07 
Nucleating agent masterbatch 4.00 12.00 4.00 12.00 
Polyethylene Wax - - 0.40 0.40 
Untreated phthalocyanine pigment - - 0.50 0.50 
 
Table 3.7 Composition of HDPE sample with filler 
Material 
Composition (wt%) 
HDPE/10%Ca HDPE/P/10%Ca HDPE/P/40%Ca 
HDPE 89.50 89.00 59.00 
Phenolic Antioxidant 0.03 0.03 0.03 
Phosphite Stabiliser 0.07 0.07 0.07 
Polyethylene Wax 0.40 0.40 0.40 
Calcium carbonate 10.00 10.00 40.00 
Untreated phthalocyanine pigment - 0.50 0.50 
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3.2 PROCESSING OF POLYETHYLENE COMPOUNDS 
The compounding and injection moulding conditions used to prepare the 
polyethylene samples in the study are discussed in this section. The raw 
materials for each formulation, as shown in Section 3.1, were weighed to a total 
mixture of 6 kg. The mixture was homogenised by hand-mixing in a plastic bag 
before dosing into the hopper of the extruder. This was followed by 
compounding and injection moulding of the compounds into moulded 
specimens. Detailed information on the compounding and injection moulding 
conditions are described in Sections 3.2.1 and 3.2.2 respectively. 
 
3.2.1 Compounding 
All compounding was carried out using a 27 mm diameter co-rotating twin screw 
extruder (Leistritz ZSE 27), having length to diameter (L/D) ratio of 44:1. The 
extruder was fitted with a downstream water bath and a pelletiser unit. The 
extrusion parameters used for compounding are presented in Table 3.8. The 
barrel temperature settings were configured according to the type of 
polyethylene to facilitate processing. For example, a lower temperature setting 
was used for LLDPE samples in order to increase the melt strength so that 
breakage of the extruded strands was minimised. The melt strands were 
extruded from a 3-hole die head and were pulled into the water bath for cooling. 
The solidified strands were dried through an air blower before being fed into the 
pelletiser unit, where the strands were cut into pellets. The pellets were 
homogenised by hand-mixing before being used for injection moulding. 
 
Table 3.8 Extrusion parameters 
Sample 
Temperature Profile (°C) 
Melt 
temperature 
(°C) 
Screw 
speed 
(RPM) 
Torque (%)
Hopper   
(Zone 1) 
Barrel      
(Zone 2 to 10) Die 
HDPE 50 160 160 160 300 40 - 50 
LLDPE 50 130 130 130 300 40 – 50 
LDPE 50 140 140 140 300 40 - 50 
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3.2.2 Injection Moulding 
All the rectangular bars and round plaques (refer to Figure 3.1) were injection 
moulded using a 60 ton Nissei PS-60E9A injection moulding machine with 
conditions as shown in Table 3.9. As discussed in Section 2.3, shrinkage and 
warpage can be influenced by the injection moulding conditions such as the 
melt & mould temperatures, injection rate, holding pressure and holding time. 
As such, the injection moulding conditions were kept as close as possible 
throughout the moulding of the polyethylene samples in order to minimise the 
effect of moulding conditions on shrinkage. A sufficient injection pressure was 
applied to avoid excessive internal stresses in the mouldings. The moulded 
specimens were collected after discarding the first five moulded specimens to 
ensure stable moulding condition and also to obtain representative specimens 
 
Table 3.9 Injection moulding conditions for rectangular bar and round 
plaque 
Sample 
Temperature (°C) Injection 
pressure 
(kgf/cm2) 
Time (second) 
Mould Barrel (All zones) Melt Injection Holding Cooling 
Rectangular bar 
HDPE 25 200 200 30 5 2 18 
LLDPE 25 200 200 30 5 2 18 
LDPE 25 200 200 30 5 2 18 
Round plaque 
HDPE 25 200 200 30 5 2 18 
LLDPE 25 200 200 30 5 2 18 
LDPE 25 200 200 30 5 2 18 
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3.3 CHARACTERISATION TECHNIQUES 
This section covers the characterisation techniques employed in the study. 
Detailed experimental conditions for each technique are discussed and the 
rationale of using the conditions is explained.  
 
3.3.1 Shrinkage and Warpage measurements  
Two types of injection moulded specimens were used for the study of 
dimensional stability. Rectangular bars were used for the study of shrinkage, 
while round plaques were used for the study of warpage. The two specimens 
have different geometry and gating as shown in Figure 3.1. The rectangular bar 
is the typical bar specimen used for a flexural test. The bar specimen, however, 
was not suitable to be used for the warpage study as warpage was hardly 
noticeable in the bar. A thin part is usually more prone to warp and so a round 
plaque with a thickness of 1.6 mm, which is half of the thickness of the 
rectangular bar was used for the warpage study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Injection moulded 
specimens 
Mould dimensions (mm) 
Length  
(FD) 
Width  
(TD) Thickness  
Rectangular bar 129.0 12.9 3.2 
Round plaque 100.0 100.0 1.6 
 
Figure 3.1 Injection moulded specimens used in the study 
Round plaque Rectangular bar 
Flow 
direction 
(FD) 
Transverse direction (TD) 
Gate 
Gate 
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The moulded specimens were conditioned in a standard laboratory atmosphere 
of 23±2 °C and 50±10 % relative humidity for 48 hours before the specimen 
dimensions were measured. In the shrinkage measurement, a vernier calliper 
with accuracy of 0.01 mm was used to measure the specimen dimension in the 
flow (FD) and transverse (TD) directions. Twenty moulded specimens from 
each formulation were measured to ensure the results were repeatable.  
 
The mould shrinkage is calculated according to eq. 3.1. Meanwhile the 
shrinkage ratio, which is a measure of deviation from isotropic shrinkage 
behaviour, is calculated according to eq. 3.2. The shrinkage ratio is used as an 
indication of warpage. 
 
 
Mould	shrinkage	ሺ%ሻ ൌ ቂ୑୭୳୪ୢ	ୢ୧୫ୣ୬ୱ୧୭୬	ሺ୫୫ሻି୫୭୳୪ୢୣୢ	ୱ୮ୣୡ୧୫ୣ୬	ୢ୧୫ୣ୬ୱ୧୭୬ሺ୫୫ሻ୑୭୳୪ୢ	ୢ୧୫ୣ୬ୱ୧୭୬	ሺ୫୫ሻ ቃ 	X	100	% eq. 3.1 
 
Shrinkage	ratio ൌ ୑୭୳୪ୢ	ୱ୦୰୧୬୩ୟ୥ୣ	୧୬	୊୪୭୵	ୈ୧୰ୣୡ୲୧୭୬	ሺ୊ୈሻሺ%ሻ୑୭୳୪ୢ	ୱ୦୰୧୬୩ୟ୥ୣ	୧୬	୘୰ୟ୬ୱ୴ୣ୰ୱୣ	ୈ୧୰ୣୡ୲୧୭୬	ሺ୘ୈሻሺ%ሻ	 eq. 3.2 
 
 
The extent of warpage was assessed by measuring the warpage height of the 
round plaque as shown in Figure 3.2. A 225 g load was placed at the edge of 
the round plaque while the warpage height was measured at the opposite end 
using a steel rule with 0.5 mm resolution. 
 
 
 
Figure 3.2 Warpage measurements in round plaque 
 
Load 
Round plaque 
Steel rule 
Warpage height (mm) 
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3.3.2 Rheological properties  
Shear viscosities of the polyethylene resins were determined using a Dynisco 
LCR7001 capillary rheometer with conditions as shown in Table 3.10. The ram 
rate range was chosen so that it covered the range of shear rates experienced 
during injection moulding.  
 
Table 3.10 Condition used in capillary rheometer 
Parameters Conditions 
Temperature 190 °C 
Melt time  360 s 
Capillary die length to diameter (L/D) ratio 20 & 10 
Ram rate 643 to 12 mm/min 
 
A Bagley correction was performed to correct for the in-flow pressure loss due 
to the establishment of a converging flow, as the melt was forced from a large 
diameter barrel into a smaller diameter capillary, and the expansion pressure 
loss due to the exit flow. This allows the true shear stress to be calculated using 
the following equation: 
 
τ ൌ ሺ୊ି୊ౙሻୈସ୐୅ా   eq. 3.3 
where, 
τ = True shear stress 
F = Plunger force 
Fc = y-intercept obtained for a given shear rate from the plot of plunger force 
vs capillary die L/D ratio 
D = Capillary die diameter 
L = Capillary die length 
AB = Cross-sectional area of the barrel 
 
A Weissenberg Rabinowitsch shear rate correction was also applied to account 
for the fact that pseudoplastic melts do not exhibit the assumed parabolic 
velocity profile of Newtonian fluids but more of a plug-like profile instead.   
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This allows the true shear rate to be calculated which should be significantly 
higher than the apparent shear rate. It is calculated using the following 
equation:  
 
   ൌ	 ሺଷńାଵሻସ௡        eq. 3.4 
where, 
ń = tangent slope of the log true stress vs log apparent shear rate curve at   
the apparent shear rate being corrected 
 = true shear rate 
 = apparent shear rate 
 
The true shear viscosity (η) was calculated using the following equation: 
 
ߟ	ሺPa. sሻ ൌ த	ሺ୔ୟሻ௬	ሺୱషభሻ  eq. 3.5 
 
Plots of true shear viscosity against true shear rate were constructed to study 
the rheological behaviour of the three polyethylenes. 
 
3.3.3 Differential Scanning Calorimetry (DSC) 
The transition temperatures and crystallisation behaviour of the polyethylene 
samples were studied using a heat-flux Mettler Toledo DSC1 differential 
scanning calorimeter equipped with intracooler cooling system. The 
temperature and heat flow of the calorimeter were calibrated using pure indium 
and zinc reference materials. A specimen (5 to 6 mg) was cut from the core of a 
rectangular bar and placed into an aluminium crucible which was then sealed 
with an aluminium lid. An empty aluminium crucible with lid was used as the 
reference. Three specimens for each sample were analysed to ensure the 
results were repeatable. Two DSC techniques were employed in the study. 
Non-isothermal technique was used for the study of non-isothermal 
crystallisation and to determine the melting temperature and degree of 
crystallinity. The crystallisation kinetics meanwhile were studied using the 
isothermal technique in conjunction with the Avrami equation. 
a 
a 
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(a) Non-isothermal technique 
Specimens were heated or cooled according to the temperature program 
shown in Table 3.11. The measurements were conducted in a nitrogen 
atmosphere to prevent oxidation. The first and second heating steps were 
run to erase the thermal history of the specimens. Only data obtained from 
the third (cooling) and fifth (re-heat) steps were used in the study.  
 
Table 3.11 Temperature program used in non-isothermal DSC study 
Step Temperature program Purge gas 
1 Heat from 30 °C to 200 °C at 10 °C/min 
Nitrogen at flow 
rate of 50 
ml/min 
2 Hold at 200 °C for 5 min 
3 Cool from 200 °C to 30 °C at 10 °C/min 
4 Hold  at 30 °C for 5 min 
5 Re-heat from 30 °C to 200 °C at 10 °C/min 
 
Figure 3.3 shows typical non-isothermal DSC cooling and re-heat traces. The 
parameters shown in Figure 3.3 are defined in Table 3.12. Crystallisation 
onset temperature is the temperature at which crystallisation begins while 
crystallisation peak temperature is the temperature at which the bulk polymer 
has crystallised. The crystallisation peak width is a measure of the crystallite 
size distribution. A broader peak width indicates broader crystallite size 
distribution and vice versa. The slope of the exotherm indicates the rate of 
crystallisation. The melting peak temperature is the temperature at which the 
bulk polymer has melted. The heat of fusion is the area under the endotherm 
and the value is used to calculate the degree of crystallinity as shown by eq. 
3.6. For the samples of pigmented HDPE containing filler discussed in 
Chapter 5, the degree of crystallinity was normalised to the amount of HDPE 
phase by taking into account the weight fraction of the polyethylene. For 
other samples, the term ∅௡ is equal to 1.  
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Figure 3.3 Assignment of various parameters in the non-isothermal 
DSC cooling and re-heat traces 
 
Table 3.12 Definition of parameters in non-isothermal DSC analysis 
Parameter Definition 
Tconset Crystallisation onset temperature 
Tcpeak Crystallisation peak temperature 
∆W Crystallisation peak width determined at half of peak height 
Slope  Slope of the initial portion of the crystallisation exotherm 
Tm Melting peak temperature 
∆Hf Heat of fusion 
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Degree of crystallinity (%) = ቈ ΔHfΔHff100∅݊቉ x 100 %                                       eq. 3.6 
 
where, 
∆Hf = measured heat of fusion 
∆Hf100 = heat of fusion of a theoretical 100 % crystalline polyethylene taken  
  as 293 J/g [ 100]. 
∅௡ = weight fraction of polyethylene  
 
(b) Isothermal technique 
Table 3.13 shows the temperature program used in the isothermal DSC 
study. The samples were first heated from 30 °C to 200 °C at 20 °C/min and 
held isothermally at 200 °C for 5 minutes to erase the thermal history and to 
ensure the crystallites were fully melted. This was then followed by rapid 
cooling from 200 °C to various isothermal temperatures at a cooling rate of 
50 °C/min. The samples were held isothermally for 60 minutes and the 
isothermal DSC traces were recorded. 
 
Table 3.13 Temperature program used in isothermal DSC study 
Step Temperature program Purge gas 
1 Heat from 30 °C to 200 °C at 20 °C/min 
Nitrogen 
at flow 
rate of 50 
ml/min 
2 Hold at 200 °C for 5 min 
3 Cool from 200 °C to isothermal temperature at 50 °C/min 
4 Hold at isothermal temperature for 60 min 
Sample Isothermal temperature (°C) 
HDPE 123, 124, 125, 126 
LLDPE 119.6, 120, 121, 122 
LDPE 99, 100, 101, 102 
 
Complete data was not obtainable for the LDPE samples. No exotherms 
were detected in the LDPE containing phthalocyanine pigments (LDPE/TP 
and LDPE/P) from 90 °C to 108 °C as shown in Appendix 1. On the other 
hand, exotherms were detected in the unpigmented LDPE at 99 °C to 102 
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°C. This was due to the limitation in the cooling capability of the differential 
scanning calorimeter. Exotherms of the LDPE containing phthalocyanine 
pigments (LDPE/TP and LDPE/P) were expected to form earlier than the 
unpigmented LDPE at a given temperature. Crystallisation was likely to take 
place during the cooling step before reaching the isothermal temperature. 
Hence, crystallisation kinetics cannot be studied in the LDPE samples. 
 
Figure 3.4a shows a typical isothermal DSC trace. From the cooling trace, 
tmax is defined as the time to reach the maximum crystallisation rate. A 
conversion curve shown in Figure 3.4b was constructed by integration of the 
isothermal DSC trace using eq. 3.7a and 3.7b.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 (a) Isothermal DSC trace and (b) the corresponding 
conversion curve 
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ܺ௧ ൌ ׬ ሺௗு/ௗ௧ሻௗ௧
೟
బ
׬ ሺௗு/ௗ௧ሻௗ௧ಮబ
  eq. 3.7a 
where, 
Xt  = Relative crystallinity at time t 
dH/dt = Heat flow rate  
 
ܺ௧ሺ௔௕௦ሻ ൌ ׬ ሺௗு/ௗ௧ሻௗ௧
೟
బ
∆ୌ౜భబబ   eq. 3.7b 
where, 
Xt(abs)  = Absolute crystallinity at time t 
dH/dt = Heat flow rate  
∆Hf100 = Heat of fusion of a theoretical 100 % crystalline polyethylene taken as 293 J/g 
 
From the conversion curve, t1/2 which is defined as the crystallisation half-
time or time to reach a relative crystallinity of 50 %, is obtained. The 
reciprocal of t1/2 [ 54], which is typically used to characterise the crystallisation 
rate in isothermal crystallisation, was calculated. 
 
The crystallisation data was analysed using the Avrami equation in the form 
of eq. 3.8. The induction time t0 was introduced into the equation as absurd 
Avrami values are obtained if there is a long induction time [ 101]. Eq. 3.9 was 
obtained by applying logarithm to both sides of eq. 3.8. 
 
Xt = 1 – exp(-k (t – t0)n)  eq. 3.8 
log[-ln(1 – Xt)] = n log (t – t0)  + log k  eq. 3.9 
 
where, 
Xt = Relative crystallinity at time t 
k = Avrami rate constant 
n = Avrami exponent 
t = time 
t0 = induction time 
 
The Avrami plot is obtained by plotting log[-ln(1 – Xt)] against log (t – t0) as 
shown in Figure 3.5. The Avrami exponent (n) was obtained from the slope 
while the Avrami rate constant (k) was obtained from the y-intercept of the 
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Avrami plot. These data were calculated using Microsoft Excel spreadsheet 
software. Relative conversion range from 3 % to 20 % was used to obtain a 
high correlation coefficient of the Avrami fit (R2) of 0.999. This was to 
minimise the relative error in determining the n and k [ 101]. The n and k 
values determined in the relative conversion range from 3 % to 20 % are 
based on the primary crystallisation. In some of the Avrami plots, a change in 
the slope representing lower value of n was observed during the later part of 
the crystallisation as shown in Figure 3.5. The change is due to the event of 
secondary crystallisation. 
 
Figure 3.5 Avrami plot for analysing crystallisation of polyethylene 
 
3.3.4 Microscopy 
Various microscopy techniques were employed in the study to assess the 
spherulitic texture of the polyethylene samples, to assess the pigment 
dispersion quality, to study the pigment-polyethylene interaction, to study the 
pigment particle morphology and to study the morphology of the injection 
moulded specimen. The techniques employed include optical light microscopy, 
polarised light microscopy, scanning electron microscopy and transmission 
electron microscopy. The sample preparation procedure for each technique will 
be discussed in the respective section.  
 
Primary 
crystallisation 
Secondary 
crystallisation 
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a) Assessment of spherulitic texture and pigment dispersion quality 
Specimen of about 0.4 mg was cut from the injection moulded rectangular 
bar and was melt-pressed between 2 glass slides at 200 °C to produce a thin 
film. The thin film was allowed to cool to room temperature in air before being 
observed using a microscope. A Leica DM EP optical microscope with 
DC180 camera having a magnification of 630 X was used. The spherulitic 
texture was assessed by observing the film specimen between cross-polars. 
For assessment of pigment dispersion quality, the cross polars were 
removed and the film specimen was observed using common light.  
 
b) Pigment-polyethylene compatibility 
The injection moulded rectangular bars were notched and cooled in a freezer 
for 2 hours. The fractured surface was made immediately after that by 
breaking the notched injection moulded rectangular bar using a 32.5 J 
pendulum-type hammer. The fractured surface had shown minimum yielding 
that could hinder observation of the pigment-polyethylene inferface. The 
fracture surface was subjected to gold sputtering to render the surface 
conductive and to prevent charging up prior to examination using a scanning 
electron microscope. A Carl Zeiss Supra 40 WDS scanning electron 
microscope with operating voltage of 20 kV and magnification of 20 k X was 
used for the study.  
 
c) Pigment particle morphology 
About 1 mg of pigment was dispersed in 3 ml of isopropanol in a small vial by 
sonication for about 3 minutes. Three drops of the dispersed sample were 
placed onto a TEM grid (copper 200 mesh with carbon film). The grid was 
allowed to dry in air for about 30 minutes. The specimens were observed 
using a JEOL JEM-2000FX transmission electron microscope at 300 k X and 
100 k X magnifications for the phthalocyanine and ultramarine pigments 
respectively.  
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d) Analysis of skin-core structure in the injection moulded specimen 
Thin films of about 10 µm were cross-sectioned along the flow direction of 
the injection moulded rectangular bar using a MSE horizontal sledge 
microtome equipped with glass knife and ice embedding stage as shown in 
Figure 3.6. The thin films were unrolled with sharp needles with the aid of 
Merck euparal mountant. The thin films were examined between cross-polars 
using a Leica DMRX optical microscope with DFC480 camera at 50 X and 
400 X magnifications. 
 
 
Figure 3.6 Microtome with ice embedding stage for cross-sectioning of 
injection moulded specimen 
 
 
 
 
 
 
 
 
 
 
 
Glass 
knife Specimen 
embedded in ice 
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3.3.5 Contact angle measurement 
Surface free energies of the pigments and polyethylene were measured using 
sessile drop technique. The pigments in the form of disks and polyethylene in 
the form of moulded specimens were used in the contact angle measurements. 
The pigment disks were prepared by compressing the pigment powder (200 to 
300 mg) with a KBr disk maker under a 10 tonne load. Figure 3.7 shows a 
typical contact angle measurement on the pigment sample.  
 
 
Figure 3.7 Contact angle measurements on pigment 
 
For the test liquids, glycerol and ethylene glycol were used instead of the 
conventional water and diiodomethane. The reason is that the water and 
diiodomethane could completely wet the ultramarine pigment resulting in no 
measureable contact angle. On the other hand, the glycerol and ethylene glycol 
did not show complete wetting on the ultramarine pigment 
 
The contact angle measurements were performed at 23±2 °C and 50±10 % 
relative humidity. Liquid with a drop size of about 5 µl was placed on the sample 
using an automatic micro-pipette dispenser. Images of the drop on the sample 
were captured at 12 frames per second for 10 seconds and the contact angles 
were measured with using OneAttension version 1.5 software. Three contact 
angle measurements were made for each liquid.  
 
Camera 
Pigment  
Liquid dispenser  
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The measured contact angles were used for the calculation of surface free 
energies using Owens-Wendt-Kaelble equation [ 102, 103] as  shown in eq. 3.10. 
Surface free energies of glycerol and ethylene glycol shown in Table 3.14 were 
used in the calculation. Surface free energies of the pigments and polyethylene 
were obtained by solving two simultaneous equations derived from the contact 
angles obtained using the two liquids.  
 
ఊ೗ሺଵାୡ୭ୱఏሻ
ଶ ൌ ሾ൫ߛ௟ௗߛ௦ௗ൯
ଵ ଶൗ ൅	൫ߛ௟௣ߛ௦௣൯
ଵ ଶൗ ሿ eq. 3.10 
where: 
θ = average contact angle for test liquid on test specimen 
γl = surface tension of test liquid in dynes/cm 
γd and γp = dispersion and polar components of the liquid and solid in dynes/cm 
 
 
Table 3.14 Surface free energies of glycerol and ethylene glycol [ 96, 104] 
Liquid 
Surface free energies (ergs/cm2) 
γ γd γp 
Glycerol  63 37 26 
Ethylene Glycol  49 33 16 
 
Polarity which is defined as the ratio of polar component of surface free energy 
(γp) to the total surface free energy (γ) [ 105] was calculated for the pigments 
and polyethylene. 
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3.3.6 Heat reversion analysis  
Heat reversion analysis was performed using the injection moulded rectangular 
bars. The moulded specimens were suspended in air and heated using an oven 
at 90 °C, 100 °C and 110 °C for 30 min. The moulded specimens were allowed 
to cool to room temperature for about 1 hour before the specimen dimensions 
were measured. A vernier calliper with accuracy of 0.01 mm was used to 
measure the specimen dimensions in the flow (FD) and transverse (TD) 
directions. 10 moulded specimens were tested for each sample. The heat 
reversion is calculated according to eq. 3.11.  
 
 
Heat	reversion	ሺ%ሻ ൌ ቂୈ୧୫ୣ୬ୱ୧୭୬	ୠୣ୤୭୰ୣ	୭୴ୣ୬	ୟ୥୧୬୥	ሺ୫୫ሻ	ି	ୈ୧୫ୣ୬ୱ୧୭୬	ୟ୤୲ୣ୰	୭୴ୣ୬	ୟ୥୧୬୥ሺ୫୫ሻୈ୧୫ୣ୬ୱ୧୭୬	ୠୣ୤୭୰ୣ	୭୴ୣ୬	ୟ୥୧୬୥		ሺ୫୫ሻ ቃ 	X	100	% eq. 3.11 
 
 
 
 
3.3.7 X-Ray Diffraction (XRD) 
The crystalline orientation in the injection moulded specimens was analysed 
using two X-ray diffraction techniques. The conventional Wide-angle X-Ray 
Diffraction (WAXD) technique provides a rapid analysis to check for any 
changes in the crystalline orientation while the X-ray diffraction pole figure 
analysis allows the determination of the direction and distribution of the 
crystalline orientation in the injection moulded specimen.  
 
a) Wide-angle X-Ray Diffraction (WAXD) 
X-ray diffraction patterns were obtained from the injection moulded 
rectangular bars using a Bruker D8 Advance X-ray diffractometer with Cu Kα 
(1.5406 Å) radiation. The voltage and current were set at 40 kV and 40 mA 
respectively. The scanning range was from 2θ angle of 5° to 60° with 
scanning speed of 0.2 second/degree.  
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b) X-ray diffraction pole figure analysis 
XRD pole figures were obtained from the skin and core of the injection 
moulded rectangular bars as shown in Figure 3.8. Skin analysis was 
performed on the surface of the injection moulded specimen. The core of the 
injection moulded specimen was exposed by removing about a 1.5 mm layer 
of the specimen using a microtome with a steel blade.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Core and skin specimens for XRD pole figure analysis 
 
The specimens were analysed using a Bruker D8 X-ray diffractometer with a 
Huber quarter circle eulerian cradle as shown in Figure 3.9. The specimen 
was attached firmly to the sample stage using double-sided tape. A Ni filtered 
Cu Kα radiation with operating voltage of 40 kV and current of 40 mA was 
used. The data were collected at 2θ angles of 21.6°, 23.9° and 36.3° which 
correspond to the (110), (200) and (020) reflections.  
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For each 2θ angle, the data were collected with tilt angles (χ)	 at	 every 5° 
between 0° to 70° and sample rotation angles (Φ) at every 5° from 0° to 
355°. The c-axis orientation usually cannot be measured directly as there are 
no suitable reflections [ 106]. The c-axis orientation is commonly deduced 
based on the a- and b-axes orientation. The (110) pole which is on the same 
plane as (200) and (020) poles is used as cross-checking of the crystalline 
orientation. 
 
 
 
Figure 3.9 X-ray diffractometer and sample positioning in X-ray diffraction 
pole figure analysis 
 
71 
 
CHAPTER 4: RESULTS AND DISCUSSION 
EFFECT OF PIGMENTS ON POLYETHYLENES 
This chapter covers the study of the effect of treated and untreated organic 
phthalocyanine and inorganic ultramarine pigments on the dimensional stability 
of polyethylenes. Subsequently, the resulting behaviour is investigated through 
the studies of crystallisation, morphology and molecular orientation. Through 
the findings gathered from the studies, a mechanism of warpage induced by the 
pigment in polyethylene is proposed. 
 
4.1  DIMENSIONAL STABILITY OF PIGMENTED POLYETHYLENES 
Part shrinkage and warpage are commonly perceived as processing related 
issue and this effect is not examined in detailed. A lack of coherent 
methodology in analysing such effects could be also the reason why published 
studies are not so prolific. Generally, thermal contraction and crystallisation of 
molten polymer cause shrinkage. Strengthening of secondary van der Waals 
forces occurs during cooling which provides the cohesive force to hold 
molecular chains together [ 107]. This causes a reduction in specific volume, 
which is commonly known as shrinkage. Warpage occurs when the shrinkage is 
non-uniform throughout the part. Shrinkage and warpage of polymer are 
complicated by many factors such as mould design, moulding conditions and 
material properties as discussed in Section 2.3. In this section, the effects of 
various pigments on shrinkage and warpage of injection moulded polyethylenes 
are discussed.  
 
Shrinkage behaviour of the injection moulded polyethylene samples was 
studied by monitoring mould shrinkage in both the flow (FD) and transverse 
directions (TD). It is common practice that only FD shrinkage is reported while 
TD shrinkage is often neglected, especially in the resin datasheet. The 
importance and benefits of analysing both the FD and TD shrinkage can be 
shown in this study. The measurements were taken after 48 hours of 
conditioning, as studies have shown that part shrinkage usually becomes 
consistent after 48 hours [ 12,45]. Shrinkage with respect to the thickness was 
not included in this study as it has the largest measurement error due the 
significantly smaller dimension compared with the length and width. The 
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specimen dimensions and the complete shrinkage data are presented in 
Appendix 2.  
 
Figure 4.1 presents the percent shrinkage in the flow direction (FD) of 
pigmented and unpigmented polyethylenes. Overall, FD shrinkage between 1.5 
% to 3.5 % was observed from the polyethylene samples studied. This is within 
the typical FD shrinkage values of polyethylene between 1.5 % and 4.0 % [ 41]. 
It is usually higher compared with the shrinkage of amorphous polymers, which 
only shrink up to 0.8 % [ 41]. This is because of more efficient packing in the 
crystalline phase during solidification. The pigmented HDPE samples are 
observed to show higher FD shrinkage compared with the pigmented LLDPE 
and LDPE samples. This indicates that the FD shrinkage is largely affected in 
polyethylene having a high crystallinity.  
 
The increase in FD shrinkage in HDPE and LDPE is evidenced from the higher 
FD shrinkage in HDPE containing untreated phthalocyanine pigment (HDPE/P) 
at 3.5 % and LDPE containing untreated phthalocyanine pigment (LDPE/P) at 
2.5 % compared with their unpigmented polyethylenes at 2.4 % and 2.0 % 
respectively. 
 
Figure 4.1 Percent mould shrinkage in the flow direction (FD) of 
pigmented and unpigmented polyethylenes.  
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The FD shrinkage of HDPE/P at 3.5 % was higher than the FD shrinkage value 
of 2.6 % in a similar study by Suzuki and Mizuguchi [ 40]. This deviation could 
be due to the difference in the test specimen dimensions, injection moulding 
conditions and resin type. Their test specimen dimensions were 120 X 80 X 2 
mm3 while those used in this study were 129 X 13 X 3 mm3. The longer and 
narrower mould used in this study was likely to induce a higher flow orientation 
compared with the former. Besides that, the injection barrel and mould 
temperatures used by Suzuki and Mizuguchi [ 40] were 240 °C and 40 °C while 
those used in this study were 200 °C and 25 °C. As discussed in Section 2.3, 
variations in the melt and mould temperatures have direct implication on 
shrinkage. Findings from other workers [ 37, 40, 42, 47] also confirmed that the 
phthalocyanine pigments have strong influence in the shrinkage of HDPE.  
 
A somewhat similar FD shrinkage is observed in the LLDPE containing 
untreated phthalocyanine pigment (LLDPE/P) compared with the unpigmented 
LLDPE as shown by the FD shrinkage of 2.0 % and 1.9 % respectively. This 
shows that the untreated phthalocyanine pigment does not have a significant 
effect on the FD shrinkage in LLDPE. However, a study [ 108] conducted on 
rotomoulded LLDPE had shown an increase of shrinkage from 1.8 % to 3.2 % 
with the addition of phthalocyanine pigment. The shrinkage behaviour of LLDPE 
could be more complex and less predictable. Variation in the LLDPE resins 
such as molecular weight, types of ɑ-alkene comonomer, the comonomer 
concentration and its distribution along the chain could result in different 
shrinkage behaviour. 
 
Contrary to the untreated phthalocyanine pigment, the treated phthalocyanine 
pigment results in a less severe shrinkage in HDPE as shown by the lower FD 
shrinkage of 2.8 % in HDPE/TP compared with 3.5 % in HDPE/P (refer to 
Figure 4.1). In spite of that, there was still substantial shrinkage induced by the 
treated pigment considering that the unpigmented HDPE only shows FD 
shrinkage of 2.4 %. This shows that the phthalocyanine derivatives that were 
used as the treatment could not effectively modify the characteristic of the 
phthalocyanine pigment. The LDPE containing treated and untreated 
phthalocyanine pigments show high FD shrinkage at 2.5 % compared with the 
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unpigmented LDPE at 2.0 % (refer to Figure 4.1). Thus, the treated 
phthalocyanine pigment is not effective in LDPE since it did not cause a 
reduction in shrinkage.  
 
Interestingly, the treated phthalocyanine pigment reduces the FD shrinkage in 
LLDPE as shown by the FD shrinkage of 1.6 % in LLDPE/TP compared with 1.9 
% in unpigmented LLDPE. The reason for this observation is not well 
understood. It could be due to the nucleation effect from the pigment that 
changes the preferred shrinkage direction. 
 
In contrast to the organic phthalocyanine pigment, the inorganic ultramarine 
pigment does not have a significant effect on the FD shrinkage of HDPE and 
LDPE. This is evidenced by the constant FD shrinkage of 2.3 % in HDPE/U and 
2.0 % in LDPE/U compared with their unpigmented polyethylenes (refer to 
Figure 4.1). A different trend is again observed in LLDPE where the ultramarine 
pigment reduced the FD shrinkage of LLDPE from 1.9 % in the unpigmented 
LLDPE to 1.5 % in LLDPE/U (refer to Figure 4.1). As discussed earlier, this 
could be due to the nucleation effect from the pigment. 
 
So far, the FD shrinkage of HDPE was the most affected by the phthalocyanine 
pigments followed by LDPE. Ultramarine pigment on the other hand has no 
significant effect on the FD shrinkage of HDPE and LDPE. Meanwhile 
unforeseen shrinkage behaviour was observed in the pigmented LLDPE. 
 
The percent shrinkage in the transverse direction (TD) of the polyethylene 
samples is presented in Figure 4.2. Overall, TD shrinkage between 1.3 % to 2.6 
% is observed across the polyethylene samples. The TD shrinkage values of 
the unpigmented polyethylenes are close to their FD shrinkage shown earlier. 
This implies that the unpigmented polyethylenes have a more uniform shrinkage 
with respect to the flow and transverse directions. Most of the pigmented 
polyethylene samples however show a reduction in TD shrinkage compared 
with the unpigmented polyethylenes.  
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Figure 4.2 Percent mould shrinkage in the transverse direction (TD) of 
pigmented and unpigmented polyethylenes 
 
The untreated phthalocyanine pigment is observed to significantly reduce the 
TD shrinkage of HDPE from 2.4 % in the unpigmented HDPE to 1.3 % in the 
HDPE containing untreated phthalocyanine pigment (HDPE/P) (refer to Figure 
4.2). LDPE also had a similar trend as shown by the reduction in shrinkage from 
1.9 % in the unpigmented LDPE to 1.5 % in the LDPE containing untreated 
phthalocyanine pigment (LDPE/P) (refer to Figure 4.2). The reduction in the TD 
shrinkage in both pigmented HDPE and LDPE could be a consequence of the 
increase in the FD shrinkage discussed earlier. The reduction in the TD 
shrinkage compensates the increase in the FD shrinkage. 
 
A slight reduction in TD shrinkage is observed in the LLDPE containing 
untreated phthalocyanine pigment (LLDPE/P) at 2.0 % compared with the 
unpigmented LLDPE at 2.2 % (refer to Figure 4.2). 
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The treated phthalocyanine pigment also reduces the TD shrinkage in HDPE 
but not to the extent observed in the untreated pigment. This is evidenced in the 
TD shrinkage value of 1.7 % in HDPE containing treated phthalocyanine 
pigment (HDPE/TP) which is between the value of 2.4 % in the unpigmented 
HDPE and 1.3 % in the HDPE containing untreated phthalocyanine pigment 
(HDPE/P). This, together with the FD shrinkage discussed earlier, further 
indicate that the treated phthalocyanine pigment had less influence in the 
shrinkage of HDPE compared with the untreated one. There seems to be a 
relationship between the FD and TD shrinkages in the pigmented HDPE. When 
the FD shrinkage is high, the TD shrinkage is low, and when the FD shrinkage 
is reduced, the TD shrinkage is accordingly increased. The former is observed 
in the HDPE/P while the latter is observed in the HDPE/TP.  
 
The treated phthalocyanine pigment had similar influence in the TD shrinkage of 
LDPE as the untreated one, as shown by the close TD shrinkage values of 1.4 
% in LDPE/TP and 1.5 % in LDPE/P (refer to in Figure 4.2). Based on the FD 
and TD shrinkages, the LDPE containing treated and untreated phthalocyanine 
pigments are observed to show similarly negative shrinkage behaviour. The 
treated phthalocyanine pigment is not effective in LDPE as it caused the same 
shrinkage effect as the untreated pigment. 
 
The unusual FD shrinkage behaviour of the LLDPE containing treated 
pthalocyanine pigment shown earlier is also observed in the TD shrinkage. This 
pigment unexpectedly caused an increase in the TD shrinkage from 2.2 % in 
the unpigmented LLDPE to 2.6 % in LLDPE/TP.  
 
Similar to the FD shrinkage discussed earlier, the ultramarine pigment also 
does not have a significant effect on TD shrinkage of HDPE and LDPE. This is 
evidenced from the constant TD shrinkage at 2.3 % in HDPE/U and 1.9 % in 
LDPE/U compared with the unpigmented polyethylenes (refer to Figure 4.2). 
Both FD and TD shrinkages of HDPE containing ultramarine pigment (HDPE/U) 
and LDPE containing ultramarine pigment (LDPE/U) are observed to be similar 
to the unpigmented polyethylenes suggesting that the ultramarine pigment has 
insignificant influence on the shrinkage of HDPE and LDPE. This is in 
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agreement with findings from Suzuki and Mizuguchi [ 40] where they 
demonstrated that inorganic pigments such as titanium dioxide, cadmium yellow 
and iron oxide did not influence the shrinkage of HDPE and PP.  
 
On the other hand, the ultramarine pigment is observed to reduce the TD 
shrinkage of LLDPE from 2.2 % in the unpigmented LLDPE to 2.0 % in 
LLDPE/U (refer to Figure 4.2). This shows the ultramarine pigment reduces the 
shrinkage in both flow and transverse directions in LLDPE where the reduction 
is pronounced in the flow than the transverse direction. It seems that the 
ultramarine pigment acts as a filler in the LLDPE. It may disrupt the crystalline 
packing leading to the reduction in shrinkage.  
 
From the shrinkage studies, it was observed that the phthalocyanine pigments 
could induce a preferred shrinkage direction in the polyethylenes. Table 4.1 
summarises the observed phenomenon. The treated and untreated 
phthalocyanine pigments consistently induced higher shrinkage in the flow 
direction (FD) with lower shrinkage in the transverse direction (TD) in HDPE 
and LDPE. The ultramarine pigment meanwhile has an insignificant effect on 
both FD and TD shrinkages in HDPE and LDPE.  
 
 
Table 4.1 Preferred shrinkage directions induced by pigments in 
polyethylenes  
Pigments 
HDPE LLDPE LDPE 
FD TD FD TD FD TD 
Ultramarine No effect Low Low No effect 
Treated 
phthalocyanine High Low Low High High Low 
Untreated 
phthalocyanine High Low 
No 
effect Low High Low 
Remarks: No effect = difference in shrinkage ≤ 0.1 % compared with unpigmented PE  
 High = increased in shrinkage of ≥ 0.2 % compared with unpigmented PE 
  Low = reduction in shrinkage of ≥ 0.2 % compared with unpigmented PE 
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Unusual shrinkage behaviour was observed in the LLDPE samples compared 
with the HDPE and LDPE samples. Both the FD and TD shrinkages were 
reduced in the LLDPE containing ultramarine pigment. As mentioned earlier, 
this could be due to the pigment which acts as filler in the LLDPE. The treated 
phthalocyanine pigment induced a lower FD shrinkage and higher TD shrinkage 
in LLDPE; a phenomenon not observed in the HDPE and LDPE. This could be 
due to a different nucleation effect of the pigment in LLDPE compared with the 
HDPE and LDPE. The untreated phthalocyanine pigment on the contrary has 
insignificant effect on the FD shrinkage and induced a lower TD shrinkage. It 
appears that the untreated phthalocyanine pigment has lesser influence on the 
shrinkage of LLDPE compared with the treated phthalocyanine pigment. The 
untreated phthalocyanine pigment could have more influence on the shrinkage 
in the thickness which was not studied. Hence, the shrinkage behaviour of the 
LLDPE samples may not be adequately studied through the shrinkage in the FD 
and TD.  
 
The preferred shrinkage directions induced by the phthalocyanine pigments can 
cause non-uniform shrinkages. In order to study the extent of the non-uniform 
shrinkages, the shrinkage ratios were calculated in accordance with the 
procedure discussed in Section 3.3.1. Figure 4.3 presents the shrinkage ratios 
of the polyethylene samples whereby a high shrinkage ratio would imply 
anisotropic shrinkage behaviour or shrinkage ratio of one would imply isotropic 
shrinkage behaviour.  
 
A shrinkage ratio of 1.0 is obtained in the unpigmented HDPE and LDPE, HDPE 
containing ultramarine pigment (HDPE/U), LLDPE containing untreated 
phthalocyanine pigment (LLDPE/P) and LDPE containing ultramarine pigment 
(LDPE/U) due to the relatively uniform FD and TD shrinkages.  
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Figure 4.3 Shrinkage ratio of pigmented and unpigmented polyethylenes 
 
A lower FD shrinkage than the TD shrinkage in the unpigmented LLDPE, 
LLDPE containing ultramarine pigment (LLDPE/U) and LLDPE containing 
treated phthalocyanine pigment (LLDPE/TP) resulted in shrinkage ratios of 0.8, 
0.7 and 0.6 respectively. Meanwhile, a higher FD shrinkage than the TD 
shrinkage in the HDPE and LDPE containing phthalocyanine pigments 
(HDPE/TP, HDPE/P, LDPE/TP and LDPE/P) resulted in shrinkage ratios 
between 1.7 to 2.8.  
 
The highest shrinkage ratio of 2.8 was observed in the HDPE containing 
untreated phthalocyanine pigment (HDPE/P). This indicates that the untreated 
phthalocyanine pigment could cause a highly non-uniform shrinkage in HDPE. 
A reduction in shrinkage ratio was observed from 2.8 in the HDPE containing 
untreated phthalocyanine pigment (HDPE/P) to 1.7 in the HDPE containing 
treated phthalocyanine pigment (HDPE/TP). Thus a more uniform shrinkage is 
obtained with the use of the treated phthalocyanine pigment compared with the 
untreated pigment in HDPE. The HDPE containing treated phthalocyanine 
pigment, however, still could not achieve the same uniform shrinkage as 
observed in the unpigmented HDPE. 
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A relatively constant shrinkage ratio of about 1.8 was observed in the LDPE 
containing treated and untreated phthalocyanine pigments. Meanwhile, a 
comparatively low shrinkage ratio of 0.6 to 1.0 was obtained in the pigmented 
LLDPE samples due to the different preferred shrinkage direction induced by 
the pigments in LLDPE.   
 
Based on the shrinkage ratio, it was observed that both the treated and 
untreated phthalocyanine pigments caused anisotropic shrinkage in 
polyethylenes. On the contrary, isotropic shrinkage was observed in the 
polyethylene containing ultramarine pigment. It is however not known if the 
observed anisotropic shrinkage behaviour could lead to warpage. 
 
A warpage phenomenon is highly noticeable in large and thin injection moulded 
parts such as injection moulded round plaques as shown in Figure 4.4. This 
defect is undesirable especially for containers, closures and crates as it does 
not allow good fitting, sealing and stacking. It is a common belief that part which 
exhibits isotropic shrinkage (shrinkage ratio = 1.0) is deemed to be warp-free 
while shrinkage ratio deviating from 1.0 will have tendency in warpage [ 43]. 
Currently, there is no definite shrinkage ratio value that could indicate the onset 
of the warpage. As such the shrinkage ratio has yet to be practically proven for 
predicting warpage behaviour. In this work, warpage measurements of the 
polyethylene samples were performed to justify if warpage is due to non-uniform 
shrinkage and also to verify if warpage behaviour can be correlated with the 
shrinkage ratios. 
 
 
Figure 4.4 Stacks of unpigmented and organic pigmented HDPE plaques 
 
Organic pigmented HDPE Unpigmented HDPE 
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The warpage measurements in this study were performed on thin round 
plaques. In practice, the shape of the warped parts may vary depending on the 
part geometry. The round plaque used in the study formed a dome-like shape 
when it warped as shown in Figure 4.4. This was due to the melt flow pattern in 
the mould as shown in Figure 4.5 and non-uniform shrinkage. As shown in 
Figure 4.5, the flow front advances from the gate radially and hence the flow 
direction lies along the circumference of the round plaque. Higher FD than the 
TD shrinkage, or higher circumferential than radial shrinkage, as in the round 
plaque, will cause the formation of the dome-like warpage [ 41]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Melt flow pattern in mould cavity of round plaque over time. 
Schematic constructed based on short-shots mouldings in Appendix 3 
 
Results of warpage height measured as described in Section 3.3.1 along with 
the photos of the round plaques are presented in Figure 4.6. No warpage is 
observed in the unpigmented HDPE, LLDPE and LDPE as shown by the 
warpage height of 0.0 mm and the flat round plaques.  
 
The three polyethylenes with ultramarine pigment (HDPE/U, LLDPE/U and 
LDPE/U) also did not show warpage, as in the case of the unpigmented 
polyethylenes. This confirmed that the ultramarine pigment has no significant 
influence in the shrinkage and warpage in polyethylene.  
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However, warpage is observed in the HDPE and LDPE plaques containing 
phthalocyanine pigments. The most severe warpage is observed in the HDPE 
containing untreated phthalocyanine pigment (HDPE/P) with the warpage height 
of 9.5 mm as shown in Figure 4.6a. HDPE containing treated phthalocyanine 
pigment on the other hand shows lower warpage height of 2.5 mm compared 
with HDPE containing untreated phthalocyanine pigment. This is in agreement 
with the lower shrinkage ratio in the HDPE containing treated phthalocyanine 
pigment (HDPE/TP) compared with the HDPE containing untreated 
phthalocyanine pigment (HDPE/P) earlier.  
 
The LDPE containing treated and untreated phthalocyanine pigments (LDPE/TP 
and LDPE/P) both show the same warpage height at 5.5 mm (refer to Figure 
4.6c). This trend is also in agreement with the similar shrinkage ratio observed 
in the two samples earlier.   
 
The pigmented LLDPE samples do not exhibit warpage as shown by the flat 
plaques with warpage height of 0.0 mm in Figure 4.6b. This indicates that the 
pigments may have a slight influence on the shrinkage but they do not induce 
warpage in LLDPE.  
 
In order to understand the relationship between shrinkage and warpage, the 
warpage height was plotted against the percent shrinkage and shrinkage ratio 
obtained from all the polyethylene samples as shown in Figures 4.7 and 4.8 
respectively. The randomly scattered data observed in Figure 4.7 indicates that 
there is no correlation between warpage and percent shrinkage. On the 
contrary, there is a positive correlation between warpage and shrinkage ratio: 
the warpage height is observed to increase with shrinkage ratio as shown in 
Figure 4.8. The correlation plots in Figures 4.7 and 4.8 confirmed that warpage 
is caused by non-uniform FD-TD shrinkage and not solely due to the shrinkage 
in a particular direction. 
 
It is noted that the warpage height is expected to have a negative correlation 
with the shrinkage ratio when the shrinkage ratio is low (eg. <0.6). In this study, 
a positive correlation is observed since the pigments induced high shrinkage 
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ratio (>1.6). There is no available data from this study to show the negative 
correlation. 
 
Based on the correlation of warpage height and shrinkage ratio, it was deduced 
that shrinkage ratios beyond the range of 0.6 to 1.6 may have a warpage 
tendency. Hence non-uniform shrinkage is tolerable when it is within the 
specified shrinkage ratio range as shown in the highlighted region in Figure 4.8. 
 
Figure 4.7 Correlation of warpage height and percent shrinkage 
 
 
 
Figure 4.8 Correlation of warpage height and shrinkage ratio 
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The established shrinkage ratio range provides a more reliable guide than the 
one proposed by Halstead et al. [ 43]. Based on their assumption, a part with a 
shrinkage ratio of 0.8 was claimed to have high tendency in warpage and this 
hypothesis may not hold true. The reliability of the established shrinkage ratio 
range for predicting the actual warpage can be further improved by verifying 
with more data points. An attempt to verify the shrinkage ratio range is made 
which will be discussed in Chapter 5. 
 
Earlier, it was observed that the shrinkage and warpage behaviour of pigmented 
LLDPE samples was rather different compared with HDPE and LDPE. It is 
unclear if this is due to the different melt viscosity in LLDPE compared with the 
other polyethylenes. The melt flow rate of LLDPE determined at 190 °C with 
2.16 kg load was the highest at 50 g/10 min followed by LDPE at 35 g/10 min 
and HDPE at 20 g/10 min. These are the typical melt flow rates of resins for 
injection moulding applications. Usually LLDPE with a higher melt flow rate was 
used for better processability or ease of flow due to the inherently narrow 
molecular weight distribution. Melt flow rate was determined under low shear 
rate conditions and the flow behaviour may not be the same at high shear rate 
especially during injection moulding. Hence, a study on the rheological 
properties of the polyethylenes was performed with shear rates experienced in 
injection moulding.  
 
Figure 4.9 shows a plot of true shear viscosity against true shear rate for HDPE, 
LLDPE and LDPE resins while the complete rheological data and correction 
plots are shown in Appendices 4 to 7. Data used in the plot have been 
corrected using Bagley and Weissenberg Rabinowitsch corrections as 
described in Section 3.3.2. Shear thinning (pseudoplastic) behaviour of the 
three polyethylenes is evidenced from the decreasing viscosity with increasing 
shear rate as shown in Figure 4.9. This was due to increasing alignment of the 
polyethylene chains in the direction of flow, which reduced the resistance to 
shear.  At low shear rate of about 180 s-1, the viscosities of LLDPE, LDPE and 
HDPE were observed to be at 109 Pa.s, 125 Pa.s and 263 Pa.s respectively.  
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This is consistent with melt flow rates where LLDPE has the highest melt flow 
rate followed by LDPE and HDPE. At a shear rate of about 9500 s-1, which is 
the typical shear rate experienced during mould filling [ 107], the viscosities of 
the polyethylenes are reduced to a narrower range between 15 Pa.s to 39 Pa.s. 
 
Figure 4.9 Viscosity change over shear rate of polyethylenes having 
different melt flow rates.  
 
Hence, the flow behaviour of the polyethylenes is considered to be similar when 
subjected to high shear rate during injection moulding. This suggests that the 
unusual shrinkage behaviour in the LLDPE samples compared with HDPE and 
LDPE was not due to melt viscosity factor. It could be caused by other factors 
such as different crystallisation behaviour. This will be discussed further in 
Section 4.2. 
 
The effects of various pigments on the dimensional stability of polyethylenes 
have been studied and it shows that different pigments could influence different 
shrinkage behaviour in polyethylenes. At the moment, the root cause of how the 
pigments induced such characteristic behaviour has yet to be understood. As 
such, further investigation is carried out through the study of crystallisation, 
morphology and molecular orientation, which will be discussed in Sections 4.2 
and 4.3.  
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4.2  CRYSTALLISATION BEHAVIOUR AND MORPHOLOGY OF 
PIGMENTED POLYETHYLENES 
Shrinkage is very much dependant on crystallisation because the material 
primarily undergoes reduction of specific volume during crystallisation. Hence in 
order to better understand the observed shrinkage behaviour in earlier Section 
4.1, it is important to investigate the effect of the pigments on the crystallisation 
and morphology of polyethylenes. This section covers the study on the effect of 
pigments on the crystallisation and morphology of polyethylenes that includes 
the effect on crystallisation temperature, degree of crystallinity, crystallisation 
kinetics and spherulitic structures. These were studied using both non-
isothermal and isothermal DSC techniques. The pigment particle morphology 
and its influence on the pigment-polymer compatibility were also studied. This 
allows understanding of pigment nucleation and its effect on morphology and 
the resulting shrinkage behaviour. 
 
4.2.1 Effect of pigments on non-isothermal crystallisation of 
polyethylenes 
The non-isothermal crystallisation behaviour of the polyethylene samples was 
studied using non-isothermal DSC technique as described in Section 3.3.3a. 
Table 4.2 shows the calorimetric data obtained from the non-isothermal DSC 
cooling and re-heat traces. The data are averaged data taken from three runs to 
ensure that the results are repeatable. All the non-isothermal DSC cooling and 
re-heat traces of the polyethylene samples had been normalised to their sample 
weight so that the variation in the DSC traces due to the sample weight is 
compensated. This allows the comparison of features such as peak width and 
peak height to be made. 
 
From Table 4.2, it is observed that both treated and untreated phthalocyanine 
pigments induced significantly higher crystallisation onset (Tconset) and peak 
(Tcpeak) temperatures in HDPE. The Tconset at 118 °C and Tcpeak at 116 °C in the 
unpigmented HDPE are observed to increase to 122 °C and 119 °C respectively 
in the HDPE containing phthalocyanine pigments (HDPE/TP and HDPE/P).  
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Table 4.2 Crystallisation and melting behaviour of polyethylene samples  
Sample 
Non-isothermal Crystallisation Melting 
peak 
temperature 
(°C) 
Degree of 
Crystallinity 
(%) Tconset (°C) Tcpeak (°C) 
Slope of 
exotherm 
(W/g°C) 
Crystallisation 
peak width 
(°C) 
HDPE 118 (0) 116 (0) 2.4 (0.0) 6 (0) 132 (0) 72 (0) 
HDPE/U 118 (0) 116 (0) 2.7 (0.2) 5 (1) 132 (1) 72 (0) 
HDPE/TP 122 (0) 118 (0) 1.9 (0.1) 7 (0) 132 (0) 73 (0) 
HDPE/P 122 (0) 119 (0) 1.7 (0.1) 7 (0) 132 (1) 73 (0) 
LLDPE 111 (0) 108 (0) 1.0 (0.1) 4 (0) 122 (0) 46 (0) 
LLDPE/U 116 (0) 113 (0) 0.7 (0.0) 5 (0) 124 (0) 46 (0) 
LLDPE/TP 118 (0) 116 (0) 0.6 (0.0) 6 (1) 125 (0) 46 (0) 
LLDPE/P 119 (0) 116 (0) 0.5 (0.0) 9 (2) 125 (0) 46 (1) 
LDPE 96 (0) 93 (0) 0.7 (0.0) 4 (0) 105 (0) 34 (0) 
LDPE/U 96 (0) 93 (0) 0.7 (0.0) 4 (0) 105 (0) 34 (0) 
LDPE/TP 100 (0) 94 (0) 0.2 (0.0) 7 (0) 105 (0) 34 (0) 
LDPE/P 99 (0) 94 (0) 0.3 (0.0) 6 (0) 105 (0) 34 (0) 
Remark: standard deviation in parentheses 
 
The increased in the Tconset and Tcpeak in HDPE/TP and HDPE/P is also 
noticeable in the non-isothermal DSC cooling traces in Figure 4.10. The 
crystallisation peaks appear to be shifted to a higher temperature compared 
with the unpigmented HDPE. The 4 °C increment in the Tconset is in agreement 
with the studies performed by other workers [ 40, 49] who had reported 
increment in Tconset between 2 °C to 5 °C. The higher Tconset means a reduction 
in supercooling during crystallisation. The reduced supercooling may have 
implication to the shrinkage behavior which will be discussed later. This 
indicates that both the treated and untreated phthalocyanine pigments can act 
as heterogeneous nuclei in HDPE.   
 
Nucleation and growth rates in a polymer are usually studied using a polarising 
microscope with a hot stage but they are also conveniently studied using DSC. 
Gupta et al. [ 109] defined the slope of the exotherm as an indication of the rate 
of nucleation while Beck et al. [ 110] interpreted it as the rate of crystallisation. 
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Figure 4.10 Non-isothermal DSC cooling traces of HDPE containing 
various pigments 
 
In this study, the feasibility of using the slope to study the rate of nucleation or 
crystallisation was investigated. The slopes of the exotherm for the HDPE 
samples are presented in Table 4.2. The slopes of the exotherm for HDPE 
containing treated and untreated phthalocyanine pigments (HDPE/TP and 
HDPE/P) are 1.9 W/g°C and 1.7 W/g°C respectively. These are significantly 
lower than the unpigmented HDPE at 2.4 W/g°C. The difference is also 
noticeable in the non-isothermal DSC cooling traces shown in Figure 4.10. 
Accordingly, the slopes indicate that the rate of nucleation or crystallisation in 
the HDPE containing treated and untreated phthalocyanine pigment was lower 
than the unpigmented HDPE. The rate of nucleation in the pigmented HDPE 
containing the pre-existing nuclei should not be lower than the unpigmented 
HDPE where it requires the formation of stable nuclei through large 
supercooling. The slope of the exotherm should represent the rate of 
crystallisation according to the interpretation by Beck et al. [ 110]. Based on the 
slope of the exotherm, it was conjectured that the HDPE containing 
phthalocyanine pigments had lower rate of crystallisation than the unpigmented 
HDPE.  
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The finding was not in agreement with Beck et al. [ 110] where they obtained a 
high rate of crystallisation (steeper slope) in the nucleated polypropylene 
compared with the non-nucleated polypropylene. Beck et al. [ 110] suggested 
that the relative position of the nucleation and crystal growth rate over 
temperature curves were reversed in polyethylene compared with 
polypropylene. The rates of nucleation and crystal growth as a function of 
temperature for polyethylene are shown in Figure 4.11a.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Rates of nucleation & crystal growth as a function of 
temperature in (a) non-nucleated PE (b) nucleated PE and (c) the 
corresponding DSC cooling traces 
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It shows that no nucleation can occur at temperature just below the equilibrium 
melting temperature due to the unfavourable thermodynamic conditions. 
Although crystal growth is possible at this temperature, the crystallisation 
process could not proceed since nuclei cannot be formed. At lower temperature 
as indicated by Tclow in Figure 4.11a, the rate of nucleation is low while the rate 
of crystal growth is high. This allows rapid crystallisation with formation of large 
spherulites which correlates with the steep slope of the exotherm observed in 
the unpigmented HDPE as shown in Figure 4.11c.  
 
The nucleation and crystal growth curves in Figure 4.11a are modified to 
accommodate the rate of nucleation with the presence of heterogeneous nuclei 
(pigment) in the pigmented HDPE.  The rate of nucleation is considered 
constant at a high rate as shown in Figure 4.11b since the nucleation density is 
high with the presence of heterogeneous nuclei (pigment) that pre-exist in the 
melt independent of temperature.  
 
With the presence of phthalocyanine pigment as the heterogeneous nuclei, 
crystallisation can take place in HDPE at higher temperature as shown by Tchigh 
in Figure 4.11b. However at this temperature, the rate of crystal growth is low 
due to highly energetic polyethylene chain. As a result, the rate of crystallisation 
is low and this correlates with the lower slope of the exotherm in the HDPE 
containing phthalocyanine pigment as shown in Figure 4.11c. Since the rates of 
nucleation and crystal growth are temperature dependent as shown in Figures 
4.11a and b, it may not be relevant to compare the rate of crystallisation in the 
HDPE samples which crystallise at different temperatures. Thus, the rate of 
crystallisation based on the slope of the exotherm in this study was deemed to 
be not comparable. Instead the crystallisation rate was studied using an 
isothermal crystallisation technique which, will be discussed in Section 4.2.2. 
 
Broadening of crystallisation peak width is observed in the HDPE containing 
treated and untreated phthalocyanine pigments (HDPE/TP and HDPE/P) 
compared with the unpigmented HDPE. This is shown by a slightly broader 
crystallisation peak width of 7 °C in HDPE/TP and HDPE/P compared with 6 °C 
in HDPE (refer to Table 4.2).  
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The differences can also be noticed in the non-isothermal DSC cooling traces in 
Figure 4.10. This indicates an increase in the crystallite size distribution where 
some larger and more stable crystals were formed at high temperature due to 
the nucleation effect from the phthalocyanine pigments. 
 
There is no significant difference in the melting temperature of HDPE containing 
treated and untreated phthalocyanine pigments (HDPE/TP and HDPE/P) 
compared with the unpigmented HDPE as shown by the constant melting 
temperature of 132 °C (refer to Table 4.2). Figure 4.12 shows the re-heat traces 
of the HDPE samples. The melting endotherms of HDPE/TP and HDPE/P look 
almost the same as the unpigmented HDPE. There is also no significant 
difference in the degree of crystallinity in the HDPE/TP and HDPE/P compared 
with the unpigmented HDPE. This indicates that the phthalocyanine pigments 
can influence the crystallisation kinetics in HDPE but not the overall crystallinity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 Non-isothermal DSC re-heat traces of HDPE containing 
various pigments 
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From the non-isothermal crystallisation study, it seems that the treated and 
untreated phthalocyanine pigments can induce similar crystallisation behaviour 
in HDPE in terms of crystallisation temperature and crystallite size distribution. 
However, in Section 4.1 it was observed that the two pigments caused a rather 
different shrinkage and warpage behaviour in HDPE. This shows that the non-
isothermal crystallisation technique was unable to resolve the differences in the 
crystallisation behaviour induced by the two pigments.  
 
Referring to Table 4.2, the ultramarine pigment is observed to have no 
significant influence on the Tconset and Tcpeak of HDPE. This is evidenced from 
the constant Tconset at 118 °C and Tcpeak at 116 °C in HDPE/U compared with 
the unpigmented HDPE. The non-isothermal DSC cooling trace of HDPE 
containing ultramarine pigment (HDPE/U) looks almost identical to the 
unpigmented HDPE as shown in Figure 4.10. This indicates the inability of 
ultramarine pigment to nucleate HDPE. 
 
Furthermore, according to Table 4.2 there are no significant differences in the 
crystallisation peak width, slope of the exotherm, melting temperature and 
crystallinity between HDPE containing ultramarine pigment and the 
unpigmented HDPE. This is in good agreement with the conclusion reached by 
other workers [ 39, 40] where inorganic pigments such as titanium dioxide, 
cadmium yellow and cadmium red do not influence the crystallisation of HDPE.  
 
In Section 4.1, the pigmented LLDPE samples had shown an unusual shrinkage 
behaviour that was not observed in HDPE and LDPE. This may relate to the 
crystallisation behaviour of the LLPDE. Table 4.2 shows higher Tconset and 
Tcpeak in all the pigmented LLDPE samples (LLDPE/U, LLDPE/TP and 
LLDPE/P) compared with the unpigmented LLDPE. The ultramarine pigment is 
able to induce 5 °C higher Tconset and Tcpeak compared with the unpigmented 
LLDPE. The treated and untreated phthalocyanine pigments meanwhile could 
induce an even higher Tconset and Tcpeak of about 8 °C compared with the 
unpigmented LLDPE. The differences are also clearly visible in the non-
isothermal DSC cooling traces as shown in Figure 4.13.  
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Figure 4.13 Non-isothermal DSC cooling traces of LLDPE containing 
various pigments 
 
The slopes of the exotherm in the pigmented LLDPE samples (LLDPE/U, 
LLDPE/TP and LLDPE/P) are lower than the unpigmented LLDPE suggesting a 
lower crystallisation rate in the pigmented LLDPE samples compared with the 
unpigmented LLDPE. As mentioned earlier, this may not be a relevant 
comparison and will also be further investigated through the isothermal 
crystallisation technique in Section 4.2.2.  
 
Broader crystallisation peak widths are observed in the pigmented LLDPE 
samples compared with the unpigmented LLDPE indicating an increase in the 
crystallite size distribution. No significant difference in the degree of crystallinity 
is observed in the pigmented LLDPE samples compared with the unpigmented 
LLDPE as shown by the constant crystallinity at 46 %.  
 
There are some interesting features observed in the DSC melting traces of the 
LLDPE samples as shown in Figure 4.14. Complex melting behaviour is 
typically observed in LLDPE due to the heterogeneity in branch distribution 
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which determines the lamellae thickness distribution and the resulting melting 
endotherm. When short co-monomeric side branches are excluded from the 
crystalline regions, the higher melting peak is due to the melting of thicker 
lamellae while the lower melting peak is due to the thinner lamellae [ 112]. 
Hence the three melting peaks at about 110 °C, 122 °C and 124 °C observed in 
the unpigmented LLDPE in Figure 4.14 were due to the melting of lamellae with 
different thicknesses. The three melting peaks are labelled as Peak 1, Peak 2 
and Peak 3 respectively as shown in Figure 4.14. In the pigmented LLDPE 
samples (LLDPE/U, LLDPE/TP and LLDPE/P), peak 2 is absent while the width 
of peak 1 is larger compared with the unpigmented LLDPE especially in the 
LLDPE containing phthalocyanine pigments. This indicates that the pigments 
especially the phthalocyanine pigments could induce less perfect or thinner 
lamellae in LLDPE whilst altering the morphology of LLDPE. It requires other 
techniques such as transmission electron microscopy (TEM), small angle x-ray 
scattering (SAXS), size exclusion chromatography and Raman spectroscopy for 
further characterisation [ 21].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14 Non-isothermal DSC re-heat traces of LLDPE containing 
various pigments 
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From Table 4.2, both the treated and untreated phthalocyanine pigments are 
observed to increase the Tconset of about 4 °C and Tcpeak of about 1 °C in LDPE 
compared with the unpigmented LDPE. The increased in crystallisation 
temperatures is readily noticeable in the non-isothermal DSC cooling traces in 
Figure 4.15. This indicates that the phthalocyanine pigments could act as 
heterogeneous nuclei in LDPE. A small crystallisation peak is observed at 
around 55°C in all the samples in Figure 4.15. This is likely due to the 
crystallisation of low molecular weight fraction of the LDPE. 
 
The slopes of the exotherm are lower in the LDPE containing treated and 
untreated phthalocyanine pigments at 0.2 W/g°C and 0.3 W/g°C respectively 
compared with the unpigmented LDPE at 0.7 W/g°C. This indicates a change in 
the rate of crystallisation similar to HDPE and LLDPE discussed earlier and it 
requires further confirmation through the isothermal crystallisation study. 
Broader crystallisation peak width of 7 °C and 6 °C in the LDPE containing 
treated and untreated phthalocyanine pigments are observed compared with 4 
°C in the unpigmented LDPE. This indicates an increase of crystallite size 
distribution with the addition of phthalocyanine pigments in LDPE.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15 Non-isothermal DSC cooling traces of LDPE containing 
various pigments 
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No significant difference in the melting temperature and degree of crystallinity 
are observed in the LDPE containing treated and untreated phthalocyanine 
pigments (LDPE/TP and LDPE/P) compared with the unpigmented LDPE. 
There are no noticeable differences observed in the DSC re-heat traces of the 
LDPE/TP and LDPE/P compared with the unpigmented LDPE (refer to Figure 
4.16) 
 
Both treated and untreated phthalocyanine pigments are observed to have 
similar effects in the crystallisation of LDPE. This correlates with the similar 
shrinkage and warpage behaviour in the pigmented LDPE discussed in Section 
4.1. 
 
The ultramarine pigment is observed to have no significant influence on the 
crystallisation of LDPE. This is evidenced by the constant Tconset at 96 °C and 
Tcpeak at 93 °C in the LDPE containing ultramarine pigment compared with the 
unpigmented LDPE (refer to Table 4.2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16 Non-isothermal DSC re-heat traces of LDPE containing 
various pigments 
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Non-isothermal DSC cooling trace of the LDPE containing ultramarine pigment 
(LDPE/U) in Figure 4.15 looks identical to the unpigmented LDPE. This 
indicates that the ultramarine pigment did not nucleate LDPE as was observed 
in HDPE earlier.  
 
There are no significant differences in the crystallisation peak width, slope of the 
exotherm, melting temperature and crystallinity in the LDPE containing 
ultramarine pigment compared with the unpigmented LDPE. Most of the 
findings observed in the crystallisation study in LDPE samples are similar to the 
HDPE samples where only the organic phthalocyanine pigments have 
influences on the crystallisation behaviour. 
 
In order to further verify and explore the pigment nucleation discussed in the 
crystallisation studies, further investigation using optical microscopy was 
performed. Optical micrographs of the HDPE samples obtained using polarised 
light are shown in Figure 4.17. The optical micrographs of HDPE containing 
treated and untreated phthalocyanine pigments in Figures 4.17c and d show 
different morphology compared with the unpigmented HDPE in Figure 4.17a. In 
the unpigmented HDPE, well-defined spherulites of about 10 µm are observed. 
The spherulites appear as irregular polyhedra with dark extinction patterns in 
the shape of Maltese cross. Additionally, banded patterns are also observed in 
the spherulites which are typical for HDPE [ 113]. The appearance of the banded 
pattern was due to the twisting of lamellar regularly about an axis oriented along 
the spherulites radius. The twisting resulted in zero birefringence extinction 
when the polarised light illumination was parallel to the molecular chain 
[ 62,  114].  
 
On the other hand, fine texture is observed in the micrographs of HDPE 
containing treated and untreated phthalocyanine pigments. The size and 
number of spherulites indicate the type of nucleation that has taken place. 
Larger and fewer number of spherulites are observed in polyethylene which 
undergoes homogeneous nucleation while heterogenous nucleation usually 
gives fine textures.  
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Figure 4.17 Optical micrographs of (a) unpigmented HDPE (b) HDPE containing 
ultramarine pigment (c) HDPE containing treated phthalocyanine pigment and (d) HDPE 
containing untreated phthalocyanine pigment obtained using polarised light 
 
This is because in heterogeneous nucleation, pre-existing nuclei allow rapid 
crystal growth at multiple sites due to the reduction of free energy for formation 
of the nucleus. With multiple crystal growth sites, the crystals will easily impinge 
on each other and hence result in a fine texture. Thus, it was confirmed that 
both the treated and untreated phthalocyanine pigments could act as 
heterogeneous nuclei in HDPE since both could increase the Tconset and also 
induce a fine texture in HDPE.  
 
The reason why the phthalocyanine pigments or organic pigments in general 
can act as effective nucleating agents in polyethylene is often briefly mentioned 
by other workers [ 12, 39, 40, 42, 49, 65]. Further on in the thesis, an attempt to 
provide a more detailed explanation of why polyethylene can be nucleated by 
phthalocyanine pigments will be made. 
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The optical micrograph of HDPE containing ultramarine pigment obtained using 
polarised light in Figure 4.17b shows similar morphology to the unpigmented 
HDPE in Figure 4.17a. Well-defined spherulites of about 10 µm are observed in 
both samples. This confirmed that the ultramarine pigment did not nucleate the 
HDPE since it did not cause a reduction of spherulite size. 
 
Optical micrograph of the unpigmented LLDPE obtained using polarised light in 
Figure 4.18a shows large banded spherulites similar to the unpigmented HDPE 
described earlier. On the contrary, the spherulite size is dramatically reduced in 
the pigmented LLDPE samples as shown in Figures 4.18b, c and d. The optical 
micrograph of LLDPE containing ultramarine pigment in Figure 4.18b shows a 
slightly coarser spherulitic texture compared with the LLDPE containing 
phthalocyanine pigments in Figures 4.18c and d.  
 
 
Figure 4.18 Optical micrographs of (a) unpigmented LLDPE (b) LLDPE containing 
ultramarine pigment (c) LLDPE containing treated phthalocyanine pigment and (d)LLDPE 
containing untreated phthalocyanine pigment obtained using polarised light 
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The increased in Tconset discussed earlier and the reduction in spherulite size in 
all the pigmented LLDPE samples confirmed that all three pigments could act 
as heterogeneous nuclei in LLDPE. There is no doubt that the phthalocyanine 
pigments can act as heterogeneous nuclei in LLDPE as it is well known that 
organic pigments can act as heterogeneous nuclei in polyethylene. Such an 
effect was observed earlier in HDPE. It is however, somewhat unexpected to 
observe nucleation in LLDPE by the inorganic ultramarine pigment since this 
was not observed in the HDPE in this study. Suzuki and Mizuguchi [ 40] also 
demonstrated that inorganic pigments such as titanium dioxide and cadmium 
yellow could not nucleate polyethylene. 
 
Inorganic pigments usually do not nucleate polyethylene. It is however common 
for talc, silica, mica kaolin, diatomite and wollastonite to nucleate polypropylene 
[ 75]. These are possibly due to the epitaxial interaction based on a lattice match 
between the nucleating agents and polypropylene. A possible different unit cell 
dimension in LLDPE compared to HDPE due to incorporation of short-chain 
branches into the crystalline lattice [ 22, 115, 116] may allow similar epitaxial 
interaction with the inorganic ultramarine pigment. The capability of alkyl 
branches to be incorporated into the crystalline lattice of polyethylene especially 
those longer than methyl branches has been still a subject of controversy [ 117]. 
 
Despite that, the ultramarine pigment was not as effective in nucleating LLDPE 
compared with the phthalocyanine pigments as shown by the coarser spherulitic 
texture and lower Tconset in the LLDPE containing ultramarine pigment 
compared with the LLDPE containing phthalocyanine pigments. This may 
explain the different shrinkage behaviour in the LLDPE containing ultramarine 
pigment compared with the LLDPE containing phthalocyanine pigments as 
discussed in Section 4.1. 
 
An optical microscopy study was also performed on the LDPE samples in order 
to verify the pigment nucleation, but unfortunately all the LDPE samples 
including the unpigmented LDPE showed fine texture as presented in Figure 
4.19. There are a few possibilities for this phenomenon.  
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Figure 4.19 Optical micrographs of (a) unpigmented LDPE (b) LDPE containing 
ultramarine pigment (c) LDPE containing treated phthalocyanine pigment and (d) LDPE 
containing untreated phthalocyanine pigment obtained using polarised light 
 
The LDPE used in this study could be a pre-nucleated grade although it was not 
indicated in the resin datasheet. Nucleating agent could be added into the 
LDPE resin to improve the clarity and processing cycle time. Besides that, 
spherulite formation may not be the favourable mode of crystallisation for the 
LDPE used in this study [ 118]. According to Mandelkern et al. [ 118], well 
developed spherulites are more likely to form in low molecular weight LDPE 
with moderate short-chain branching content of about 10 CH3/1000C. 
Otherwise, a less organised structure in LDPE will form. Additionally, the 
spherulites in LDPE are also less likely to form when rapidly crystallised. They 
had demonstrated that the LDPE samples have to be isothermally crystallised 
at 107 °C for 6 days in order to obtain well developed spherulites. In this study, 
all the specimens were rapidly crystallised during cooling on a marble slab after 
melting on a hotplate. This could be the reason for not obtaining well developed 
spherulites in the present study. Although the microscopy study was unable to 
show the reduction of spherulite size in LDPE, the phthalocyanine pigments can 
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be regarded as heterogeneous nuclei in the LDPE based on the increase in 
Tconset.   
 
In order to study the correlation between crystallisation and shrinkage behaviour 
of the polyethylene samples, the non-isothermal crystallisation parameters such 
as Tconset, Tcpeak and crystallisation peak width of all the polyethylene samples 
are plotted against the shrinkage ratio as shown in Figure 4.20. Good 
correlations are observed between crystallisation and shrinkage in HDPE and 
LDPE samples as shown in Figures 4.20a and b. The shrinkage ratio is 
observed to increase with Tconset, Tcpeak and crystallisation peak width.  
 
This indicates that polyethylene with the presence of the treated and untreated 
phthalocyanine pigments could crystallise at a higher temperature and form a 
more inhomogeneous morphology leading to non-uniform shrinkage. The 
influence of crystallisation on shrinkage is more pronounced in HDPE compared 
with LDPE. An increase in Tconset of about 4 °C in HDPE resulted in an 
approximate three-fold increase in shrinkage ratio while a two-fold increase was 
observed in LDPE. Moreover, an increase in crystallisation peak width of about 
2 °C resulted in a three-fold increase in shrinkage ratio in HDPE. While in 
LDPE, an increase in crystallisation peak width of about 3 °C only resulted in a 
two-fold increase in the shrinkage ratio. This phenomenon was likely due to the 
higher degree of crystallinity in HDPE, at 72 % compared with 34 % for LDPE. 
 
In the crystallisation studies discussed earlier, it was observed that all the three 
pigments have influenced on the crystallisation of LLDPE. Despite that, the 
findings still could not explain the unusual shrinkage behaviour induced by the 
three pigments. These were reflected in Figure 4.20c where the crystallisation 
has shown poor correlation with the shrinkage behaviour in the LLDPE 
samples. LLDPE is very heterogeneous on the molecular level due to the broad 
distribution of the short co-monomeric side branches. This results in complex 
crystallisation behaviour in LLDPE [ 119]. Hence, the LLDPE samples may not 
be adequately studied using the non-isothermal DSC technique. More in-depth 
studies are required in order to understand the relation between crystallisation 
and shrinkage behaviour in LLDPE. 
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Figure 4.20 Correlation between crystallisation behaviour and shrinkage 
of (a) HDPE (b)LDPE and (c) LLDPE samples 
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4.2.2  Effect of pigments on crystallisation kinetics of polyethylenes 
The overall rate of crystallisation in a polymer is determined by the rates of 
nucleation and crystal growth. The temperature dependence of the 
crystallisation rates has been discussed in Section 2.1 and also illustrated in 
Figures 4.11a and b. As discussed in Section 2.2, isothermal crystallisation 
technique using DSC is commonly employed to study the crystallisation kinetics 
in polymers. In this study, the effect of pigments on the crystallisation kinetics of 
polyethylenes was investigated using this technique.  
 
Earlier, the non-isothermal crystallisation study on the pigmented polyethylenes 
was discussed and the findings have shown some correlation with the 
shrinkage behaviour. The non-isothermal DSC technique is more convenient 
and provides a more rapid analysis compared with the isothermal crystallisation 
technique. Despite that, this technique is unable to resolve the differences in the 
crystallisation behaviour of some samples. For example, it could not resolve the 
differences in the crystallisation behaviour produced by the treated and 
untreated phthalocyanine pigments in HDPE, where the treated phthalocyanine 
pigment could produce a lower shrinkage ratio compared with the untreated 
pigment. Besides that, it was also not relevant to compare the rate of 
crystallisation based on the slope of the exotherm of polyethylenes that 
crystallised at different temperatures. Thus, the crystallisation kinetics study 
also provides a further understanding of the effect of pigments on the 
crystallisation behaviour of the polyethylenes. 
 
The crystallisation kinetics of the polyethylene samples were analysed using 
isothermal DSC and data was analysed using the Avrami equation as discussed 
in Section 3.3.3b. A narrow isothermal temperature ranging between 120 °C to 
126 °C was used due to the limited cooling efficiency of the differential scanning 
calorimeter used in this study. This is a common problem encountered in 
isothermal crystallisation where the specimen is required to rapidly cool from 
the melt temperature to the isothermal crystallisation temperature. As 
mentioned in Section 3.3.3b, the LDPE samples could not be analysed as 
complete data was not obtainable.  
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The HDPE samples were analysed isothermally at temperatures ranging from 
123 °C to 126 °C. Figure 4.21 shows the isothermal DSC traces of the HDPE 
samples obtained at 123 °C. These traces are normalised to their sample 
weight to minimise the effect of variation in sample weight on the DSC traces. 
The effect of pigments on the crystallisation of HDPE was more pronounced in 
the isothermal crystallisation study compared with the non-isothermal 
crystallisation discussed earlier. HDPE containing treated and untreated 
phthalocyanine pigments (HDPE/TP and HDPE/TP) apparently have a shorter 
time to reach maximum crystallisation rate (tmax) at approximately 1 minute 
compared with the unpigmented HDPE at approximately 8 minutes as shown in 
Figure 4.21.  
 
This indicates that the phthalocyanine pigments which act as heterogeneous 
nuclei in HDPE allow crystallisation to initiate earlier compared with the 
unpigmented HDPE.  The unpigmented HDPE requires longer time to crystallise 
as it needs to form stable nuclei before crystallisation can proceed. A slight 
reduction in tmax which is not so significant is observed in the HDPE containing 
ultramarine pigment compared with the unpigmented HDPE.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21 Isothermal DSC traces of HDPE samples at 123 °C. Peak 
maxima denoted by x 
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Crystallisation exotherms of all the four HDPE samples were also successfully 
obtained at 124 °C. At isothermal temperatures of 125 °C and 126 °C however, 
no crystallisation exotherms were detected in the unpigmented HDPE and 
HDPE containing ultramarine pigment (HDPE/U). This indicates that the 
unpigmented HDPE and HDPE containing ultramarine pigment (HDPE/U) are 
unable to be crystallised above 124 °C. 
 
Isothermal DSC traces of the HDPE samples at 126 °C are as shown in Figure 
4.22. As shown in Figure 4.22, no crystallisation exotherms are detected in the 
unpigmented HDPE and HDPE containing ultramarine pigment (HDPE/U). Both 
of the DSC traces are similar to the blank sample (empty crucible) as shown in 
Appendix 8. On the other hand, exotherms are detected in the HDPE containing 
treated and untreated phthalocyanine pigments (HDPE/TP and HDPE/P). 
Horizontal baseline for the exotherm evaluation was drawn cutting across the 
DSC trace between 0 to 5 minutes as this was confirmed by the blank sample to 
be an artifact (refer to Appendix 8). With the observation on the exotherms, it is 
confirmed that both phthalocyanine pigments could nucleate the HDPE allowing 
crystallisation at higher temperature (lower supercooling).  
 
 
 
Figure 4.22 Isothermal DSC traces of HDPE samples at 126 °C 
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The shorter tmax indicates that the untreated phthalocyanine pigment is more 
effective in nucleating HDPE than the treated phthalocyanine pigment. This 
finding was not observed in the non-isothermal crystallisation study earlier. This 
implies that the isothermal crystallisation technique is more suitable in analysing 
the crystallisation behaviour of the polyethylene samples than the non-
isothermal technique.  
 
Isothermal crystallisation studies on the LLDPE samples were performed at a 
lower temperature range between 119.6 °C to 122 °C due to the lower 
crystallisation temperature of LLDPE compared with HDPE. The temperature 
range was also chosen so that comparison of crystallisation rate in the 4 LLDPE 
samples can be made. 119.6 °C was the lowest isothermal temperature that 
can be used for the LLDPE samples. Below 119.6 °C, the pigmented LLDPE 
samples start to crystallise before reaching the isothermal temperature resulting 
in no measureable exotherm.  Figure 4.23 shows the isothermal DSC traces of 
LLDPE samples at 120 °C. Apparently, all the three pigments caused a 
significant shorter tmax from approximately 20 minutes in the unpigmented 
LLDPE to approximately 1 minute in the pigmented LLDPE.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.23 Isothermal DSC traces of LLDPE samples at 120 °C 
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This indicates that the three pigments act as heterogeneous nuclei in LLDPE 
allowing crystallisation to initiate earlier compared with the unpigmented 
LLDPE. This is in agreement with the higher Tconset in the pigmented LLDPE 
samples, discussed in the non-isothermal crystallisation earlier.  
 
At isothermal temperatures of 121 °C and 122 °C, no crystallisation exotherms 
were detected in the unpigmented LLDPE as the temperatures are too high for 
the unpigmented LLDPE to crystallise. Isothermal DSC traces of the LLDPE 
samples at 122 °C are shown in Figure 4.24. tmax of the LLDPE containing 
treated and untreated phthalocyanine pigments and LLDPE containing 
ultramarine pigment are observed at approximately 3 minutes and 8 minutes 
respectively. The difference is more obvious at high isothermal crystallisation 
temperature of 122 °C compared with 120 °C discussed earlier. This indicates 
that the ultramarine pigment was less effective in nucleating LLDPE compared 
with the phthalocyanine pigments.  
 
 
 
 
 
Figure 4.24 Isothermal DSC traces of LLDPE samples at 122 °C 
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The rate of evolution of heat as a function of time from the isothermal traces 
was processed using eq. 3.7 as discussed in Section 3.3.3b to obtain the 
conversion curves. Conversion curves processed from the isothermal DSC 
traces of the HDPE samples at 123 °C and LLDPE samples at 120 °C are as 
shown in Figures 4.25 and 4.26. Typical sigmoid curves are obtained in all the 
samples.  
 
From Figure 4.25, it is observed that the unpigmented HDPE and HDPE 
containing ultramarine pigment crystallise slowly at the beginning as the crystals 
are repeatedly melted and re-grown. When sufficiently large stable crystals are 
formed after approximately 3 minutes of induction time, the crystals start to 
grow rapidly as represented by the steeper portion around the mid section of 
curve. The crystallisation proceeds rapidly, until passing the 50 % relative 
crystallinity (crystallisation half-time) where the crystal growth rate is gradually 
reduced as shown by a gentler slope after the crystallisation half-time. On the 
contrary, the HDPE containing phthalocyanine pigments (HDPE/TP and 
HDPE/P) have very short induction time of less than a minute. The crystals also 
grow more rapidly than the unpigmented HDPE as shown by the steeper curve 
and shorter crystallisation half-time (t1/2) of approximately 1 minute compared 
with the unpigmented HDPE at approximately 8 minutes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.25 Conversion curves of HDPE samples at 123 °C 
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According to the absolute crystallinity data in Figure 4.25, it is observed that all 
the HDPE samples did not fully crystallise. Only about 35 % absolute 
crystallinity is obtained, which is about half of fully crystallised samples of 72 % 
as discussed earlier (refer to Table 4.2). This indicates that the rest of the 
crystallinity possibly from the lower molecular weight fractions can only be 
formed at lower temperature as these fractions are still quite energetic and 
hence unfavourable for crystallisation. 
 
Similar to the crystallisation in HDPE, the pigmented LLDPE is observed to 
crystallise more rapidly than the unpigmented LLDPE with the crystallisation 
half-time from 1 to 5 minutes compared with the unpigmented LLDPE at 
approximately 19 minutes (refer to Figure 4.26). All the LLDPE samples also did 
not fully crystallise as shown by the absolute crystallinity of about 8 % 
compared to the fully crystallised samples of about 46 % (refer to Table 4.2). 
The reason is the same as explained for the HDPE samples earlier. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26 Conversion curves of LLDPE samples at 120 °C 
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Crystallisation half-time (t1/2) defined as time taken to develop 50 % relative 
crystallinity is measured from the conversion curves of the HDPE and LLDPE 
samples. Crystallisation rate which is the reciprocal of t1/2 [ 54] is calculated for 
the HDPE and LLDPE samples. The data are presented in Figure 4.27 and 4.28 
respectively. The crystallisation rates of both HDPE and LLDPE samples are 
observed to increase with decreasing temperature (higher supercooling) due to 
the increase in nucleation density and crystal growth rate.  
 
At 123 °C and 124 °C in Figure 4.27, the HDPE containing treated and 
untreated pthalocyanine pigments (HDPE/TP and HDPE/P) show significantly 
higher crystallisation rate compared with the unpigmented HDPE. HDPE/P has 
shown approximately 8 times higher in crystallisation rate compared with the 
unpigmented HDPE at 123 °C. This was likely to be due to the high nucleation 
density from the phthalocyanine pigments which resulted in significantly faster 
development of crystallinity.  
 
The crystals in the unpigmented HDPE on the other hand, grew on 
homogenenous nuclei which were lower in number and hence resulted in a low 
crystallisation rate. Since the ultramarine pigment did not nucleate HDPE, the 
HDPE containing ultramarine pigment (HDPE/U) showed a similarly low 
crystallisation rate. 
 
 
Figure 4.27 Crystallisation rate of HDPE samples determined at various 
temperatures 
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At 125 °C and 126 °C, the unpigmented HDPE and HDPE containing 
ultramarine pigment (HDPE/U) were unable to crystallise within the 
experimental isothermal run of 60 minutes. The temperatures were probably too 
high for the crystals to grow and reach above the critical size of stable nuclei. 
The HDPE containing treated and untreated phthalocyanine pigments 
(HDPE/TP and HDPE/P) meanwhile were able to crystallise at 125 °C and 126 
°C. Both pigments which act as heterogeneous nuclei could reduce the energy 
barrier for the formation of stable nuclei in HDPE. With the presence of the 
phthalocyanine pigments, the polyethylene could solidify on the pigment surface 
and thus create less new melt-nucleus interface compared with the 
homogeneous nucleation in the unpigmented HDPE.  
 
The treated phthalocyanine pigment was shown to be less effective in 
nucleating HDPE than the untreated phthalocyanine pigment. This is evidenced 
from the significantly lower crystallisation rate of the HDPE containing treated 
phthalocyanine pigment compared with the HDPE containing untreated 
phthalocyanine pigment at all four temperatures investigated. The difference in 
the crystallisation rate is more pronounced with decreasing temperature. This 
finding correlates with the lower shrinkage ratio induced by the treated 
phhthalocyanine pigment compared with the untreated phthalocyanine pigment 
in HDPE.  
 
The trend discussed in the HDPE samples is also observed in the LLDPE 
samples except that the ultramarine pigment is shown to nucleate LLDPE at all 
the four temperatures investigated. As shown in Figure 4.28, the LLDPE 
containing treated and untreated phthalocyanine pigments (LLDPE/TP and 
LLDPE/P) has significantly higher crystallisation rate compared with the 
unpigmented LLDPE at 119.6 °C and 120 °C. At the same temperatures, the 
LLDPE containing ultramarine pigment (LLDPE/U) shows a lower crystallisation 
rate than the LLDPE/TP and LLDPE/P but crystallises at a higher rate than the 
unpigmented LLDPE.  
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Figure 4.28 Crystallisation rate of LLDPE samples determined at various 
temperatures 
 
The crystallisation rate in LLDPE/U is also less sensitive to the temperature 
change as shown by the slight increase in the crystallisation rate from 
approximately 0.2 min-1 to 0.4 min-1 with decreasing temperature. This indicates 
that the ultramarine pigment could nucleate LLDPE but is less effective than the 
phthaloycanine pigments. This finding is in agreement with the non-isothermal 
crystallisation study earlier.  
 
At 121 °C and 122 °C, the unpigmented LLDPE is unable to crystallise due to 
the reasons explained for the unpigmented HDPE. On the contrary, the 
nucleating effects of all the three pigments on LLDPE allowed the samples to 
crystallise at these temperatures. Similarly as discussed for HDPE, the treated 
phthalocyanine pigment is less effective in nucleating LLDPE compared with the 
untreated phthalocyanine pigment. This is evidenced from the significantly lower 
crystallisation rate of LLDPE/TP compared with LLDPE/P at all four 
temperatures investigated. The difference is also observed to be more 
pronounced at lower temperature. High standard deviations are observed in 
LLDPE/TP particularly at 119.6 °C and 120 °C. This could be attributed to the 
instability of the treatment in the pigment which caused inconsistency in the 
nucleation efficiency. 
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The shrinkage ratios of the HDPE samples are plotted against the crystallisation 
rate obtained at 123 °C in Figure 4.29 to study if a correlation exists between 
the two. A good correlation is observed between the shrinkage ratio and 
crystallisation rate in the HDPE samples. The shrinkage ratio is observed to 
increase with the crystallisation rate. The effect is observed to be more 
significant at high crystallisation rate where a change in the crystallisation rate 
from approximately 0.6 min-1 to 0.8 min-1 results in a significant change in the 
shrinkage ratio from approximately 1.5 to 2.7. On the contrary, the influence on 
the shrinkage ratio is insignificant at low crystallisation rate.  
 
This indicates that a rapid crystallisation in the HDPE induced by the 
phthalocyanine pigments could result in non-uniform shrinkage. This finding is 
also in agreement with the good correlation between shrinkage ratio against 
Tconset, Tcpeak, and crystallisation peak width discussed earlier.  
 
 
 
Figure 4.29 Correlation of shrinkage ratio and crystallisation rate of HDPE 
samples 
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Figure 4.30 shows a plot of shrinkage ratio of LLDPE samples against 
crystallisation rate at 120 °C. Poor correlation is observed in the plot. A 
reduction in the shrinkage ratio is observed from approximately 0.8 to 0.6 with 
increasing crystallisation rate from 0.1 min-1 to 0.8 min-1. However, at 
crystallisation rate of approximately 1.4 min-1, the shrinkage ratio is observed to 
increase significantly to approximately 1.0. The poor correlation observed here 
is in agreement with the correlation between shrinkage ratio against Tconset, 
Tcpeak, and crystallisation peak width in the LLDPE samples discussed earlier.  
 
 
Figure 4.30 Correlation of shrinkage ratio and crystallisation rate of 
LLDPE samples 
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The conversion curves of HDPE samples at 123 °C to 126 °C and LLDPE 
samples at 119.6 °C to 122 °C were analysed using the Avrami equation to 
obtain the Avrami exponent (n) and rate constant (k) as shown in Tables 4.3 
and 4.4. The n of the HDPE samples are observed to range from 1.4 to 2.8 
while those of the LLDPE samples from 1.3 to 2.3. The non-integer n obtained 
in the HDPE and LLDPE samples was due to the assumptions of constant 
volume during transformation, idealistic morphologies to represent complex 
crystallite shapes and the inability to accurately discriminate between primary 
and secondary crystallisation phenomena when analysing using the Avrami 
equation [ 55].  
 
n of 2.7 and 2.6 are obtained in the unpigmented HDPE at 123 °C and 124 °C 
respectively. These values are within the typical values of HDPE resin of 2.1 to 
3.1 [ 30]. The n, which is close to 3, indicates that the unpigmented HDPE 
crystallises via heterogeneous nucleation with unrestricted three dimensional 
spherulitic growth. Heterogeneous nucleation was assumed because of the 
inevitable presence of impurities such as catalyst residues. Narh et al. [ 31] 
demonstrated the existence of heterogeneous nuclei in commercial HDPE and 
the nuclei could be reduced by filtration.  
 
According to Table 4.3, the HDPE containing treated and untreated 
phthalocyanine pigments (HDPE/TP and HDPE/P) gives n values of 1.4 to 1.9 
at 123 °C and 124 °C. Values of n close to 2, indicate that the high nucleation 
density in the HDPE containing phthalocyanine pigments has restricted the 
three dimensional growth and favours two dimensional disk-like growth. This is 
consistent with the findings from Turturro et al. [ 39] and Chan [ 42] where they 
also obtained lower n values in HDPE containing chlorinated phthalocyanine 
pigment compared with the unpigmented HDPE. On the other hand, the HDPE 
containing ultramarine pigment (HDPE/U) gives n values of 2.6 to 2.8, which are 
close to 3. This indicates that the ultramarine pigment did not alter the 
spherulitic growth geometry of the HDPE.  
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Table 4.3 Isothermal crystallisation data of HDPE samples 
Sample ID 
Isothermal 
Temperature 
(°C) 
Avrami Coefficients 
n k (min-n) R2 
HDPE 
123 
2.7 (0.1) 0.0040 (0.0018) 0.9998 
HDPE/U 2.6 (0.1) 0.0092 (0.0024) 0.9997 
HDPE/TP 1.6 (0.1) 0.5424 (0.0396) 0.9994 
HDPE/P 1.4 (0.0) 0.7404 (0.0341) 0.9987 
HDPE 
124 
2.6 (0.0) 0.0006 (0.0001) 0.9999 
HDPE/U 2.8 (0.1) 0.0007 (0.0002) 1.0000 
HDPE/TP 1.9 (0.1) 0.1388 (0.0159) 0.9992 
HDPE/P 1.7 (0.1) 0.3077 (0.0043) 0.9988 
HDPE 
125 
N/A N/A N/A 
HDPE/U N/A N/A N/A 
HDPE/TP 2.2 (0.0) 0.0141 (0.0044) 0.9999 
HDPE/P 1.9 (0.1) 0.0610 (0.0057) 0.9992 
HDPE 
126 
N/A N/A N/A 
HDPE/U N/A N/A N/A 
HDPE/TP 2.2 (0.1) 0.0020 (0.0004) 0.9972 
HDPE/P 2.2 (0.1) 0.0058 (0.0009) 0.9999 
Remarks :  standard deviation in parentheses 
   N/A= data not available as sample was unable to crystallise 
 
Referring to Table 4.3, the trend observed in the rate constant (k) is consistent 
with the crystallisation rate based on the reciprocal of t1/2 discussed earlier. 
Values of k are observed to increase with decreasing temperature. A higher k 
value is observed in HDPE/P compared with other samples at the same 
temperature due to the strong nucleating effect from the pigment. The 
ultramarine pigment in HDPE on the other hand has an insignificant effect on 
the value of k as ultramarine pigment does not nucleate HDPE. 
 
From Table 4.4, n values of 2.1 and 2.3 are obtained for the unpigmented 
LLDPE at 119.6 °C and 120.0 °C respectively. Values of n, which are close to 2, 
indicate that the unpigmented LLDPE crystallises via heterogeneous nucleation 
with disk-like growth. The assumption that heterogeneous nucleation occurs in 
the unpigmented LLDPE is explained earlier. Lower values of n are obtained at 
119.6 °C and 120.0 °C in the LLDPE containing untreated phthalocyanine 
pigment (LLDPE/P) compared with the unpigmented LLDPE. The n value, 
which is close to 1, implies that the crystal growth geometry has changed from 
disk-like to rod geometry.  
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Table 4.4 Isothermal crystallisation data of LLDPE samples 
Sample ID 
Isothermal 
Temperature 
(°C) 
Avrami Coefficients 
n k (min-n) R2 
LLDPE 
119.6 
2.1 (0.1) 0.0026 (0.0002) 0.9997 
LLDPE/U 2.1 (0.1) 0.1548 (0.0233) 0.9996 
LLDPE/TP 1.5 (0.1) 1.2609 (0.1463) 0.9960 
LLDPE/P 1.3 (0.0) 1.4727 (0.1863) 0.9975 
LLDPE 
120.0 
2.3 (0.1) 0.0012 (0.0004) 1.0000 
LLDPE/U 2.0 (0.2) 0.1102 (0.0178) 0.9993 
LLDPE/TP 1.8 (0.2) 0.8853 (0.0580) 0.9979 
LLDPE/P 1.3 (0.1) 1.1578 (0.1681) 0.9965 
LLDPE 
121.0 
N/A N/A N/A 
LLDPE/U 1.9 (0.1) 0.0401 (0.0031) 0.9995 
LLDPE/TP 1.9 (0.1) 0.2700 (0.0231) 0.9979 
LLDPE/P 1.8 (0.1) 0.4790 (0.0541) 0.9987 
LLDPE 
122.0 
N/A N/A N/A 
LLDPE/U 1.9 (0.2) 0.0135 (0.0030) 0.9993 
LLDPE/TP 2.0 (0.2) 0.0611 (0.0055) 0.9969 
LLDPE/P 1.9 (0.1) 0.1246 (0.0063) 0.9987 
Remarks : standard deviation in parentheses 
  N/A= data not available as sample was unable to crystallise 
 
Values of n close to 2 are obtained at 119.6 °C and 120 °C in the LLDPE 
containing ultramarine pigment and treated phthalocyanine pigment (LLDPE/U 
and LLDPE/TP). This indicates that the ultramarine and treated phthalocyanine 
pigments did not alter the crystal growth geometry in LLDPE. This shows that 
the two pigments can affect other crystallisation behavior such as crystallisation 
temperature and crystallisation peak width but not the geometry of crystal 
growth.  
 
Both treated and untreated phthalocyanine pigments have significantly 
increased the k values for LLDPE at 119.6 °C and 120.0 °C. The ultramarine 
pigment also increases the k values for LLDPE at 119.6 °C and 120.0 °C, but 
not to the extent of the phthaloycanine pigments. These findings are consistent 
with the crystallisation rate based on the reciprocal of t1/2 discussed earlier.  
 
Figures 4.31 and 4.32 show the Avrami plots of HDPE samples obtained at 123 
°C and 124 °C. The rest of the Avrami plots can be found in Appendices 9 to 15. 
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Figure 4.31 Avrami plots of HDPE samples obtained at 123 °C. Avrami exponent, 
n values for the primary and secondary crystallisation are indicated 
 
Change in the slope representing the change in the Avrami exponent (n) is 
observed in the Avrami plots in Figure 4.31. The n of the HDPE samples at the 
early stage of the crystallisation of 1.4 to 2.7 is observed to reduce to 0.5 to 0.9 
at the later stage. The change of slope for the HDPE containing phthalocyanine 
pigments (HDPE/TP and HDPE/P) occurred earlier after about 70 % of the 
crystallisation compared to the unpigmented HDPE and HDPE containing 
ultramarine pigment (HDPE/U) which only occurred after about 90 % of the 
crystallisation. 
 
The change in the slope indicates the occurrence of secondary crystallisation 
during the later stage of the crystallisation [ 53,  120]. Secondary crystallisation 
usually occurs after primary crystallisation and although the nature of secondary 
crystallisation is still unclear, the crystallinity is likely to increase through 
thickening of lamellae, crystal perfection and growth of defective crystallites 
[ 120]. From the n, which are close to 1 during the secondary crystallisation, the 
HDPE samples were likely to crystallise through heterogeneous nucleation with 
rod-like growth geometry. 
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A more linear Avrami plots are obtained at 124 °C in the unpigmented HDPE 
and HDPE containing ultramarine pigment (HDPE/U) as shown in Figure 4.32. 
These show that at higher temperature, the two samples undergo mainly 
primary crystallisation which is typically characterised by radial growth of 
spherulites [ 21]. The HDPE containing phthalocyanine pigments (HDPE/TP and 
HDPE/P) on the other hand show both primary and secondary crystallisation at 
124 °C. The secondary crystallisation observed here is also characterised by 
the rod-like crystal growth geometry based on the n value obtained. 
 
 
Figure 4.32 Avrami plots of HDPE samples obtained at 124 °C. Avrami exponent, 
n values for the primary and secondary crystallisation are indicated 
 
 
Only the unpigmented LLDPE undergoes primary crystallisation whereas other 
pigmented LLDPE samples show both primary and secondary crystallisation at 
120 °C (see Figure 4.33). It seems that the phthalocyanine pigments promote 
secondary crystallisation in polyethylene. Primary crystallisation in the 
nucleated polyethylene samples is limited due to the high nucleation density. 
The spherulites could easily impinge onto each other forcing the crystal growth 
to take place through secondary crystallisation. This may affect the morphology 
and the resulting shrinkage behaviour.   
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Figure 4.33 Avrami plots of LLDPE samples obtained at 120 °C. Avrami exponent, 
n values for the primary and secondary crystallisation are indicated 
 
 
Findings from both non-isothermal and isothermal crystallisation studies 
suggest that phthalocyanine pigments strongly influence the crystallisation 
behaviour of polyethylenes. It is commonly acknowledged that the 
phthalocyanine pigments could act as heterogeneous nuclei in the polyethylene 
but a detailed explanation of the effect is usually lacking.   
 
Beck [ 32] and Binsbergen [ 33] studied on a wide range of chemical compounds 
to understand the chemical and physical nature of these compounds in the 
context of their nucleating activity. Some of their key conclusions are a 
heterogeneous nucleating agent should be finely dispersed in the polymer 
matrix, have chemical and crystalline structures that are compatible with the 
polymer and should be insoluble in the polymer melt.  
 
The pigments and polyethylene used in this study were characterised using 
various techniques to examine if they fulfil the mentioned characteristics which 
may provide useful information to aid in the investigation of pigment nucleation 
mechanism and its effect on crystallisation and shrinkage behaviour. 
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Optical micrographs of the HDPE containing phthalocyanine pigments 
(HDPE/TP and HDPE/P) obtained using transmitted light show finely dispersed 
pigment particles which are hardly visible as presented in Figures 4.34b and c. 
However, some pigment agglomerates are still visible in the HDPE containing 
ultramarine pigment (HDPE/U) as shown by the arrows in Figure 4.34a. The 
ease of the pigment particle dispersion depends on many factors such as 
pigment particle size, pigment-polymer compatibility, processing equipment and 
conditions used. All the polyethylene samples were prepared and processed 
using the same processing equipment and conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.34 Dispersion assessment of (a) ultramarine pigment (b) treated 
phthalocyanine pigment and (c) untreated phthalocyanine pigment in 
HDPE 
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124 
 
Hence, the superior pigment dispersion quality observed in the HDPE 
containing phthalocyanine pigments compared with the ultramarine pigment 
was likely due to the better pigment-polymer compatibility.  
 
Transmission electron micrographs of the three pigments presented in Figure 
4.35 show smaller pigment particle size in the phthalocyanine pigments 
compared with the ultramarine pigment. Pigment particles of about 100 nm are 
observed in the phthalocyanine pigments (see Figures 4.35b and c) while those 
of about 650 nm are observed in the ultramarine pigment (see Figure 4.35a). 
 
 It is also noted that the pigment particles in the treated phthalocyanine pigment 
(see Figure 4.35b) appear to be smaller than the untreated phthalocyanine 
pigment (see Figure 4.35c). A considerable pigment particle population in the 
treated phthalocyanine pigment is observed to have the size of about 50 nm. It 
could be intentionally made for this pigment. The same is not so obvious in the 
untreated phthalocyanine pigment. 
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Figure 4.35 Transmission electron micrographs of (a) ultramarine 
(b)treated phthalocyanine and (c) untreated phthalocyanine pigments.  
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In earlier discussion, it was observed that the HDPE containing treated 
phthalocyanine pigment had different shrinkage and crystallisation behaviour 
compared with the HDPE containing untreated phthalocyanine pigment. The 
root cause could be due to the finer particle size observed here coupled with the 
surface modification from the phthalocyanine derivatives.  
 
Besides the difference in the particle size between the phthalocyanine and 
ultramarine pigments mentioned earlier, the morphology of these pigments is 
also observed to be different. Both treated and untreated phthalocyanine 
pigments have rod-shaped particles with a smooth surface finish. The rod-
shaped morphology resulted from molecular stacking where the crystal tends to 
grow preferentially in the direction of the stack axis due to the π-π- interactions 
within the molecular stacks [ 121].  
 
On the other hand, an irregular pigment particle shape with sharp edges 
possibly formed during the grinding process is observed in the ultramarine blue 
pigment. Nucleation by the high aspect ratio rod-shape pigment particle in the 
phthalocyanine pigments may influence the crystalline orientation leading to the 
non-uniform shrinkage in the polyethylene. This will be discussed in more 
detailed later.  
 
In the following section, another important requirement for the heterogeneous 
nucleation will be discussed. As shown in eq. 2.7 and 2.9 in Section 2.1, the 
free energy barrier for heterogeneous nucleation (∆G୦ୣ୲∗ ) and nucleation rate (N) 
are dependent on the Sሺ∅ሻ term.  High compatibility between the polymer and a 
foreign surface will result in a low Sሺ∅ሻ which ultimately causes a reduction in 
the free energy barrier of heterogeneous nucleation and an increase in the 
nucleation rate. In this study, the pigment-polymer compatibility was 
investigated via measurements of polarity determined using a sessile drop 
technique. Table 4.5 shows the surface free energies and polarity of the 
pigments and polyethylene while the images of liquid droplets formed can be 
found in Appendix 16.  
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Table 4.5 Characterisation of surface chemistry of pigments and 
polyethylene 
Samples 
Contact angle (°) Surface free energy (ergs/cm2) Polarity
Glycerol Ethylene glycol γd γp γ γp / γ
Ultramarine pigment 23 (2) 20 (0) 0.2 155.7 155.9 1.0 
Treated   
phthalocyanine pigment 63 (1) 42 (1) 44.6 1.2 45.7 0.0 
Untreated 
phthalocyanine pigment 63 (1) 40 (1) 52.7 0.1 52.9 0.0 
HDPE 83 (1) 67 (1) 39.9 0.3 40.3 0.0 
Remark: standard deviation in parentheses 
  
 
It is observed from Table 4.5 that the measured total surface free energy (γ) for 
the phthalocyanine pigments and HDPE are slightly different to the values found 
in the literatures. In this study, the total surface free energy of the untreated 
phthalocyanine pigment is 52.9 ergs/cm2 while the unpigmented HDPE is 40.3 
ergs/cm2. Example literature values [ 4] on the other hand are 46.9 ergs/cm2 for 
the pigment and 36.8 ergs/cm2 for the polyethylene. The differences are likely 
due to the different liquids used during the contact angle measurements. 
 
From Table 4.5, the ultramarine pigment is observed to be the most polar with 
the polarity value of 1.0. On the other hand, the treated and untreated 
phthalocyanine pigments and HDPE are observed to be non-polar with a 
polarity value of 0.0. The polarity values obtained are consistent with the 
chemical structure of the samples. The high polarity in ultramarine pigment is 
attributed to the ionic structure or the high electron affinity of oxygen atoms in 
the structure (refer to Figure 1.4). HDPE which consists of non-polar aliphatic 
chains obviously results in a non-polar nature. For phthalocyanine pigment, 
orientation of the molecules within the crystal lattice plays a part in determining 
the polarity. Side faces of the crystals are characterised as (001) and (201) with 
respect to the crystal lattice where both surfaces are non-polar [ 15]. This is 
because the (001) face is mainly covered by aromatic H-atoms while parts of 
the aromatic π-systems are exposed on the (201) face.  
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The ends of the crystals on the other hand are more polar than the side faces 
due to the exposed copper atoms. A model of the crystal structure of the 
phthalocyanine pigment is shown in Figure 4.37.  
 
The same polarity observed in the treated and untreated phthalocyanine 
pigments indicates the lack of sensitivity of the sessile drop technique. Other 
liquids could be used to resolve the differences. The phthalocyanine derivatives 
used in the treated phthalocyanine pigment should increase the polarity of the 
pigment although the extent to which this has occurred is not known. This is 
because the phthalocyanine derivatives are consist of polar groups such as 
aminomethyl, phthalimidomethyl and sulfonate [ 98, 99]  
 
Having similar polarity permits pigment-polymer interactions enabling 
adsorption interactions of polyethylene chains onto the pigment surface. This 
immobilisation of chains is a prelude to nucleation. Based on the polarity values, 
it is apparent that the phthalocyanine pigments are more compatible with 
polyethylene than the ultramarine pigment. Pigment-polyethylene compatibility 
could also be compared using SEM imaging (refer to Section 3.3.4b for sample 
preparation details) where the ultramarine pigment particle was found to be 
weakly bounded to the surrounding polyethylene matrix as shown in Figure 
4.36a. The isolated pigment particle of about 1 µm in size clearly indicates the 
lack of surface interaction with the polyethylene. The phthalocyanine pigment 
on the other hand does not show such a phenomenon, as there is no visible 
pigment particles in the polymer matrix which appear to have fine and ductile 
morphology (refer to Figure 4.36b). 
 
The findings are in agreement with Bugnon et al. [ 50], who observed 
segregation of pigment particles outside the polymer structure when 
incompatible with the polymer. Furthermore, they suggested that pigment-
polymer compatibility could influence the warpage in polyethylene. Strong 
interaction of pigment and polymer chains could restrain the chain movement 
hindering the mechanical relaxations and resulting in warpage [ 50]. The 
warpage mechanism suggested, however, is over simplistic and does not 
contain enough evidence to support the claim. Nevertheless, it is sensible that 
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the pigment-polymer compatibility and its interaction should form the basis of 
explaining the warpage mechanism induced by the pigments.  
 
From the pigment characterisation studies conducted, the phthalocyanine 
pigment is believed to fulfil the requirements of a heterogeneous nucleating 
agent for polyethylene. It is also expected to show good compatibility with the 
polyethylene based on the same observed polarity.  
 
 
 
Figure 4.36 Scanning electron micrographs of (a)HDPE containing 
ultramarine pigment and (b)HDPE containing untreated phthalocyanine 
pigment 
(b) 
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1 µm 
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According to Binsbergen [ 33], the heterogeneous nucleation mechanism is via 
alignment of polymer chain segments along the rows of hydrocarbon groups on 
the exposed surface of the nucleating agent. The author further mentioned that 
through the proposed nucleation mechanism, highly oriented crystallisation was 
observed in the injection-moulded polyethylene nucleated by the 
phthalocyanine needles (rod-shape). Later, another nucleation mechanism 
based on epitaxy was proposed by Wittmann and Lotz [ 71]. Epitaxy was ruled 
out by Binsbergen [ 33] earlier, due to the findings that showed that the same 
nucleating agents, which were active in polyethylene that adopts a planar zig-
zag configuration, also work in isotactic polypropylene which crystallises in a 3 
helical configuration. However, Wittmann and Lotz [ 73] were able to show that 
this was possible, because a helical polymer such as isotactic polypropylene 
could interact with another surface via its methyl groups which are aligned in 
rows at the interacting surface of the polymer crystal. The nucleation 
mechanism based on epitaxy as proposed by Wittmann and Lotz [ 71] is 
currently widely accepted and will be used as a basis to discuss on the 
nucleation of polyethylene by the phthalocyanine pigment in this study.  
 
Figure 4.37 shows a proposed model for the nucleation of polyethylene on the 
crystal surface of phthalocyanine pigment. During injection moulding, the rod-
shape phthalocyanine pigment particle is likely to orient in the melt with the long 
axis parallel to the flow direction (FD). Upon cooling, crystallisation takes place 
and it occurs via heterogeneous nucleation on phthalocyanine pigment surface. 
The polyethylene chains orient near the pigment crystal surface along the (001) 
and (201) surfaces which are non-polar. Nucleation occurs through a lattice 
match between the polyethylene chain and the pigment crystal surface. 
Polyethylene crystal growth subsequently proceeds with the extended chain 
conformation lying along the long axis of the phthalocyanine pigment. This may 
influence the crystalline orientation and the resulting morphology leading to the 
preferred shrinkage direction and non-uniform shrinkage behaviour.  
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Figure 4.37 Proposed model for the nucleation of polyethylene on the 
crystal surface of phthalocyanine pigment 
 
From the non-isothermal crystallisation study, it was observed that both the 
treated and untreated phthalocyanine pigments could act as strong 
heterogeneous nuclei in both linear and branched polyethylenes (eg. HDPE, 
LLDPE and LDPE). This was evidenced by the increase in crystallisation 
temperatures (Tconset and Tcpeak), crystallite size distribution and reduction in the 
spherulite size. Besides that, both the phthalocyanine pigments were observed 
to significantly increase the crystallisation rate in HDPE and LLDPE in the 
isothermal crystallisation study. This was in agreement with the same trend 
observed in the Avrami rate constant (k). The polyethylene crystal growth 
geometry was also changed when nucleated by the phthalocyanine pigments as 
evidenced by the reduction of the Avrami exponent (n). Inorganic ultramarine 
pigment meanwhile has an insignificant influence on the crystallisation of 
polyethylenes.  
 
Characterisation of the pigments showed that the phthalocyanine pigments 
fulfilled the requirement of heterogeneous nuclei for polyethylene.  
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The fine pigment particles coupled with similar polarity favour interaction with 
the polyethylene. This reduces the free energy barrier of heterogeneous 
nucleation and thus leads to a higher nucleation rate.  
 
The shrinkage of the HDPE and LDPE samples was observed to correlate well 
with the crystallisation behaviour. The shrinkage ratio tends to increase with 
crystallisation temperature, crystallite size distribution and crystallisation rate. 
The shrinkage of the LLDPE samples on the other hand does not correlate with 
the crystallisation behaviour. This could be due to the complex crystallisation 
behaviour of the LLDPE samples as evidenced by the different trend observed 
in the crystallisation studies compared with the HDPE and LDPE samples. This 
includes the different crystal growth geometry in the LLDPE samples as 
discussed in the crystallisation kinetics study. The LLDPE samples have shown 
a transition from disk-like to rod-like crystal growth geometry while the HDPE 
samples shown a transition from three-dimensional spherulite to disk-like crystal 
growth geometry. The different crystallisation behaviour in LLDPE could be due 
to the influence from the short-chain branching where small percentage of the 
branches is incorporated into the crystalline lattice whilst disrupting the crystal 
lattice [ 22, 115, 116]. 
 
The present findings in this section however are still not sufficient to reveal the 
warpage mechanism induced by the pigments. Hence further study was 
performed on the molecular orientation in the injection moulded specimen and 
will be discussed in Section 4.3.  
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4.3   MOLECULAR ORIENTATION IN PIGMENTED HDPE 
 
Most injection moulded parts contain certain extent of molecular orientation 
depending on the processing conditions. This is due to the crystallisation which 
takes place concurrently with deformation of the melt. Orientation and 
crystallisation are further confounded by the nucleation from pigments which 
can change the crystalline orientation in the polymer. Shrinkage of mouldings 
can be influenced by molecular orientation and it usually increases with 
increasing molecular and crystalline orientation [ 122]. Not much is known 
however on whether the molecular orientation could impart the non-uniform 
shrinkages as observed in Section 4.1.  
 
In Sections 4.1 and 4.2, the phthalocyanine pigments have been shown to 
influence the shrinkage behaviour, crystallisation behaviour and crystalline 
morphology of polyethylenes. Out of the three polyethylenes investigated, 
shrinkage behaviour of HDPE was the most affected by the pigments, 
especially the untreated phthalocyanine pigment. Hence, the study of molecular 
orientation in this section will focus on the HDPE containing untreated 
phthalocyanine pigment. The study was first conducted via heat reversion 
analysis to assess the extent of amorphous phase orientation and followed by 
x-ray diffraction analysis to study the crystalline orientation. A mechanism of 
warpage induced by pigment in polyethylene will be proposed at the end of this 
study. 
 
Heat reversion analysis has been successfully performed by several workers 
[ 42, 123, 124] to measure the molecular orientation and internal stress in semi-
crystalline polymers. The heat reversion analysis involves heating the injection 
moulded specimens close to their melting temperature followed by measuring 
the resulting specimen dimensions. The heat reversion is calculated as shown 
in Section 3.3.6. The degree of crystallinity is determined using DSC on the 
tested specimen to ensure that the crystallinity is constant throughout the 
annealing process. This could provide an estimate of the extent of orientation in 
the amorphous region since the crystallinity remains intact below the melting 
temperature. High heat reversion would indicate high amorphous phase 
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orientation in the injection moulded specimens and vice versa. This is a simpler 
technique which could provide a quicker indication of the extent of amorphous 
phase orientation compared with the other techniques such as polarised 
infrared absorption [ 125] and optical birefringence techniques [ 126].  
 
Figure 4.38 shows the heat reversion and degree of crystallinity of the 
unpigmented HDPE and HDPE containing untreated phthalocyanine pigment 
(HDPE/P). It is observed that both the unpigmented HDPE and pigmented 
HDPE have higher heat reversion in the flow direction than the transverse 
direction. This indicates a higher amorphous phase orientation in the flow 
direction compared with the transverse direction. This is due to the inevitably 
more oriented and stretched polyethylene chains in the flow direction during 
injection moulding.  
 
 
 
 
 
Figure 4.38 Heat reversion and degree of crystallinity of injection moulded 
pigmented (HDPE/P) and unpigmented HDPE (HDPE) at various 
temperatures 
30 35 40 45 50 55 60 65 70 75
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High standard deviation obtained in the TD heat reversion was due to the high 
variation in specimen width that was slightly distorted after the annealing. It was 
also possibly due to some melting of small or imperfect crystallites as DSC 
analysis showed the melting has started at about 100 °C (refer to Figure 4.12). 
The heat reversion in both samples is also observed to increase with increasing 
annealing temperature. The reason is that at high temperature, more chain 
relaxation could have taken place as the thermal motion of the molecules is 
vigorous. 
 
Percent FD heat reversion from 0.5 % to 0.9 % is observed in the unpigmented 
HDPE while 0.4 % to 1.2 % is observed in the HDPE containing untreated 
phthalocyanine pigment (HDPE/P). At annealing temperatures of 110 °C and 
100 °C, HDPE/P is observed to have significantly higher FD heat reversion 
compared with the unpigmented HDPE. At these temperatures, the degree of 
crystallinity in both samples determined after the annealing process does not 
show significant difference. This clearly indicates a higher amorphous phase 
orientation in the flow direction of the pigmented HDPE compared with the 
unpigmented HDPE.  
 
Polyethylene is volume filled with spherulites. Amorphous regions reside within 
these spherulites. The amorphous region is the interlamellar region in the 
spherulites in the form of tie-chain, unattached chain, tight fold, loop and cilia 
[ 127] as illustrated in Figure 4.39.  
 
 
Figure 4.39 Types of amorphous chains in the interlamellar region [ 127]. 
T= Tie-chain, U= unattached chain, F= tight fold, L= loop, C= cilia 
Lamellar chain-
folded crystalline 
Interlamellar 
amorphous region 
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The amorphous phase orientation is principally contributed by the tie-chain as 
shown in Figure 4.39. During the mould filling stage in injection moulding, the 
polyethylene chains are oriented in the direction of flow but will try to relax back 
toward their equilibrium configurations. This is however, restricted when 
crystallisation takes place rapidly. Relaxation in the tie-chain is restricted as the 
chain ends are anchored in the crystals as shown in Figure 4.40. The 
phthalocyanine pigment can promote rapid crystallisation and hence will restrict 
the relaxation of the oriented tie-chain in the amorphous region. This in-built 
stress in the amorphous region may contribute to the higher FD shrinkage in the 
HDPE containing untreated phthalocyanine pigment as discussed earlier in 
Section 4.1. This stress was partially relieved via shrinkage in the mould when 
the injection moulded specimen was still warm but become progressively 
hindered on cooling to the room temperature.  
 
 
 
 
 
 
 
 
 
 
Figure 4.40 Oriented tie-chain in the amorphous region 
 
 
The heat reversion analysis suggests higher degree of amorphous phase 
orientation in the flow direction of HDPE containing untreated phthalocyanine 
pigment compared with the unpigmented HDPE. However, this should not be 
the main factor that affects the shrinkage since the HDPE has a high degree of 
crystallinity of 72 %. The crystalline portion should have more influence on the 
shrinkage. Investigation of the crystalline orientation in the injection moulded 
specimen was thus performed using x-ray diffraction techniques.  
 
  
Crystalline lamella 
Crystalline lamella
Oriented tie-chain 
Flow 
direction 
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Every crystalline substance has a unique unit cell which consists of the 
constituent atoms or molecules arranged in a specific manner in the crystal. The 
unit cell of polyethylene is orthorhombic with full details as discussed in Section 
2.1. When polyethylene is analysed using wide-angle x-ray diffraction (WAXD), 
two major characteristic X-ray diffraction peaks at 2θ angles of 21.6° and 24° 
and another weaker one at 36.3° are observed. These correspond to the (110), 
(200) and (020) planes of the orthorhombic unit cell, respectively [ 128]. 
Schematics of these planes can be found in Appendix 17. a- and b-axes of the 
polyethylene orthorhombic unit cell are represented by the (200) and (020) 
planes. X-ray diffraction patterns obtained from the surface of the injection 
moulded unpigmented HDPE (HDPE) and HDPE containing untreated 
phthalocyanine pigment (HDPE/P) from 2θ angles of 5° to 60° are presented in 
Figure 4.41. Both show the typical X-ray diffraction patterns of a polyethylene 
with the expected (110), (200) and (020) reflections. From Figure 4.41, there 
seems to be a variation in the relative x-ray intensity diffracted from the (200) 
and (020) planes between the HDPE and HDPE/P. This indicates a change in 
the crystalline orientation with the presence of the untreated phthalocyanine 
pigment in the HDPE. 
 
The intensity ratio method had been successfully used by other workers 
[ 129,  130] in studying the (200) or a-axis orientation in extruded and 
compressed polyethylene films. The ratio method is similarly used in this study 
and Table 4.6 shows the intensity ratios of (200)/(110) and (020)/(110) of the 
two samples. HDPE/P shows a higher (200)/(110) intensity ratio of 0.26 
compared with the HDPE of 0.19. This suggests a higher level of a-axis 
orientation in the plane of the sample in HDPE/P compared with HDPE. This is 
similar to the observation by Vonk [ 131] where the addition of “PV Echt Oranje” 
(color index Nr. 7105) caused an increase in the a-axis orientation in injection 
moulded polyethylene. Coupled with the morphology observed in the electron 
micrographs, the author suggested that the orientation was due to the formation 
of a “row structure” [ 132]. Meanwhile a lower (020)/(110) intensity ratio of 0.053 
is observed in HDPE/P compared with 0.061 in HDPE. This indicates a lower b-
axis orientation in the plane of the sample in HDPE/P compared with the HDPE.  
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Figure 4.41 X-ray diffraction patterns of (a) unpigmented HDPE and 
(b)pigmented HDPE  
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Table 4.6 X-ray diffraction intensity ratio of unpigmented (HDPE) and 
pigmented (HDPE/P) HDPE 
Sample 
Intensity ratio  
(200)/(110) (020)/(110) 
HDPE  0.19 0.061 
HDPE/P  0.26 0.053 
 
The crystalline orientation in the HDPE clearly changed with the presence of the 
phthalocyanine pigment and it is very likely to be the nucleation effect 
associated with the pigment as postulated by Binsbergen [ 33]. It was however 
not clear how the crystalline structure was oriented as a result of interaction with 
the pigment. The wide angle x-ray diffraction analysis could only provide an 
indication of a change in the crystallite orientation in the injection moulded 
pigmented HDPE compared with the unpigmented HDPE.  
 
It is known that injection moulded polymer exhibits inhomogeneous 
microstructure and molecular orientation due to the local differences in the flow 
of molten polymer and heat flow in the mould cavity. The inhomogeneous 
microstructure can also be observed in the injection moulded specimens of the 
unpigmented and pigmented HDPE in this study (Figure 4.42). The skin and 
core morphology can be identified from the micrographs. The skin layer in the 
pigmented HDPE (HDPE/P) appears to be thicker than the unpigmented HDPE 
(HDPE) where approximately 0.6 mm and 0.1 mm skin layers are observed in 
the HDPE/P and HDPE respectively. The 0.6 mm region measured from the 
surface to a bright border line as indicated in Figure 4.42b is believed to be the 
skin layer of the pigmented HDPE (HDPE/P). On the other hand, the skin layer 
in the unpigmented HDPE (HDPE) is characterised by the region at the surface 
which exhibits finer texture compared with the core (Figure 4.42a). The thick 
skin layer in HDPE/P was likely formed due to the rapid crystallisation induced 
by the pigment. This layer is likely to be highly oriented. Besides that, a higher 
order interference colour (yellow) is observed in the core of HDPE/P suggesting 
the presence of a highly birefringent structure. This could be attributed to the 
crystalline or amorphous phase orientations.  
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Figure 4.42 Polarised optical micrographs obtained along the flow 
direction of injection moulded (a) unpigmented HDPE and (b)pigmented 
HDPE  
 
Crystalline orientation in injection moulded polyethylene had been studied by 
Moy and Kamal [ 126]. They have demonstrated that the crystallographic a-axis 
tends to orient in the flow direction while the b and c axes vary symmetrically 
about that direction. There is little published information on the effect of pigment 
on the crystalline orientation in injection moulded polyethylene. The pigment 
could further complicate the already complex crystalline orientation in injection 
mouldings. 
 
Hence, x-ray diffraction pole figures were obtained to systematically study the 
effect of the untreated phthalocyanine pigment on the crystalline orientation of 
the injection moulded HDPE. It was hoped that this would help to understand 
the observed warpage caused by the pigment. Due to the existence of complex 
morphology in the injection moulded specimen as discussed earlier, the x-ray 
diffraction pole figure measurement was performed on both surface and core of 
the injection moulded specimen as described in Section 3.3.7b in order to 
assess the crystalline orientation in the skin layer and core. 
Flow direction 
(a) HDPE (b) HDPE/P 
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The (200), (020) and (110) X-ray pole figures of the skin layer of unpigmented 
HDPE and HDPE containing untreated phthalocyanine pigment (HDPE/P) are 
shown in Figure 4.43. The relative intensities are shown in the corresponding 
three dimensional representation in Figure 4.44. The (200), (020) and (110) X-
ray diffraction planes of orthorhombic unit cell of polyethylene can be found in 
Appendix 17. In all the pole figures, the flow direction (FD) is the line running 
vertically north to south and the transverse direction (TD) is the east to west 
equatorial line. The sheet normal (SN) direction is the line perpendicular to the 
plane of the pole figure passing through the centre of the pole.  
 
At the skin layer of the unpigmented HDPE, the (020) poles or the b-axes have 
maximum distribution at the SN direction. No significant b-axis distribution is 
found at the FD or TD. Hence the b-axis which is the radial direction of a 
growing spherulite is found to pass through the thickness at the skin of the 
injection moulded specimen. The (200) poles or the a-axes meanwhile are 
found to lie along the FD which suggests that the c-axis (chain axis) will lie 
along the TD. The observed orientations suggest the presence of 
transcrystalline layer at the skin layer of the injection moulded HDPE. 
Transcrystalline layers are usually formed in the melt which has close contact 
with the surface of the chill mould wall [ 133]. The adjacent melt crystallises 
rapidly due to the high density of nuclei on the surface. These spherulites 
formed are therefore restricted by the neighbouring growth centres to grow only 
in the direction normal to the wall. The depth of the transcrystalline growth 
depends on the point at which these spherulites impinge on the growing front of 
spherulites from the bulk that grow toward the surface. The transcrystalline 
layer at the skin layer of the injection moulded unpigmented HDPE can be 
observed in Figure 4.45. A transcrystalline layer about 30 µm thick is observed 
at the surface of the injection moulded specimen. Below the transcrystalline 
layer there is a highly birefringent layer of about 20 µm (refer to Figure 4.45). 
This layer could be due to rows of elongated spherulites that represent the 
internal transcrystallinity as suggested by Fitchmun and Newman [ 133] 
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Figure 4.45 Polarised optical micrographs at the skin layer of injection 
moulded (a) unpigmented HDPE and (b) pigmented HDPE  
 
The (020) poles in the skin layer of the HDPE containing untreated 
phthalocyanine pigment (HDPE/P) also shown in Figure 4.43 are found to be in 
the SN-TD plane. This indicates that the b-axis or the crystal growth axis is 
found to be distributed in the SN-TD plane. The (200) poles on the other hand 
are found to be in the SN-FD plane. Recalling that in unpigmented HDPE, the 
(020) poles are mainly found along the SN direction while the (200) poles are 
found along the FD, it is clear that additional crystalline orientations are found in 
the skin layer of HDPE/P compared with HDPE. 
 
The crystalline orientations observed in the skin layer of HDPE/P suggest a few 
possible crystalline structures. Firstly, the same transcrystalline layer as 
observed for the unpigmented HDPE appears to be present. Evidence for this 
are the (020) poles which can be found along the SN direction and the (200) 
poles which can be found along the FD similar to that observed in the X-ray 
pole figures of the skin layer of unpigmented HDPE. The transcrystalline layer 
can be also observed in the micrograph in Figure 4.45b. It seems that HDPE/P 
has a thicker transcrystalline layer spanning about 100 µm compared with 
HDPE. This could be due the combined effect of nucleation from the mould 
surface and pigment nucleation.  
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The similar highly birefringent internal transcrystallinity is also observed at the 
skin layer of injection moulded HDPE containing untreated phthalocyanine 
pigment. 
 
As mentioned earlier, there are additional crystalline structures that exist in the 
skin layer of HDPE containing untreated phthalocyanine pigment. Evidence for 
these crystalline structures are provided by the (020) poles which lie in the SN-
TD plane and (200) poles which lie in the SN-FD plane. The important new 
element is that the b-axis can lie far out with the TD. Then, the a- and c-axes 
can rotate in the SN-FD plane or around the b-axis. Consequently, the c-axis 
can lie in the FD. This crystalline orientation is shown in Figure 4.46a and it 
resembles the twisting of ribbon-like crystals that is found in the spherulites 
[ 134]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.46 (a) Rotation of a- and c-axes around b-axis which lies along TD 
and (b) rotation of b- and c-axes around a-axis which lies along FD 
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TD 
FD 
SN 
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There is another possible crystalline structure besides the ribbon-like crystals. 
With the (200) poles or the a-axis projected along the FD, the (020) poles or the 
b-axis are found to rotate around the (200) poles and in the plane perpendicular 
to the FD. This crystalline orientation is shown in Figure 4.46b. It has been 
shown earlier that the c-axis can lie in the FD. The two findings suggests a row-
like crystalline structure similar to the Keller’s row orientation [ 132] where the b-
axis or the crystal growth axis is radiating from the centre of nuclei 
perpendicular to the FD while the chain axis in the fibril is found along the FD. 
This crystalline structure is deemed to be more probable in this study compared 
with the ribbon-like crystals. A proposed model of the row-like crystalline 
structure based on the findings from the X-ray pole figure analysis is shown in 
Figure 4.47.  
 
During injection moulding, the high shear especially near the mould wall causes 
the rod-shape phthalocyanine pigment particles to orient along the flow 
direction. Fibril crystals also known as “shish” are then formed by pigment 
nucleation along the long axis of the pigment particles. Subsequently, lamellar 
overgrowth also known as “kebab” forms on the pre-existing fibril radiating from 
the centre of nuclei and perpendicular to the FD. In the proposed model, the 
helices are absent unlike in the Keller’s row orientation [ 132]. The proposed 
row-like crystalline structure is also supported by other studies [ 131,  135] that 
have shown the formation of “row structure” or “shish-kebab” in polyethylene 
nucleated with pigments. In a study by Vonk [ 131], “row structure” was 
observed through electron microscopy in polyethylene nucleated with a needle 
shape pigment. Alfonso et al. [ 135] meanwhile observed “shish-kebab” structure 
in crystallisation of HDPE in dilute solution with the presence of rod-shape 
phthalocyanine pigment. Besides that, the proposed structure is also in 
agreement to the Avrami exponent of 2 determined earlier which suggests a 
disk-like crystal geometry. 
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Figure 4.47 A proposed row-like crystallite model found at the skin layer 
of the injection moulded pigmented HDPE  
 
The X-ray pole figures and the corresponding three dimensional representation 
of the core of injection moulded HDPE samples are presented in Figure 4.48 
and 4.49. The (200) and (020) X-ray pole figures for both unpigmented HDPE 
and HDPE containing untreated phthalocyanine pigment show randomly 
distributed a- and b-axes. This could indicate either spherulitic morphology or 
other randomly oriented crystalline structure. Figure 4.42a shows that the core 
of the injection moulded unpigmented HDPE consists of rough symmetric 
structure consistent with spherulitic morpholgy. The core of the injection 
moulded HDPE containing untreated phthalocyanine pigment shown in Figure 
4.42b appears as fine texture owing to the pigment nucleation and hence it is 
not possible to identify the exact morphology. It can consist of the proposed 
row-like crystallites which are randomly oriented.  
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From the X-ray diffraction pole figure analysis, the skin layer has shown the 
presence of transcrystallisation in both injection moulded unpigmented and 
pigmented HDPE. The core on the other hand shows random crystalline 
orientation indicating spherulitic morphology.  
 
The two crystalline structures are typically formed in the injection moulded 
polymer due to the different crystallisation conditions. The melt at the skin 
experiences maximum cooling from the mould wall while in the core it is always 
warmer and cooled at a slower rate than the skin.  
 
The major finding in the X-ray pole figure analysis is that the skin layer of HDPE 
containing untreated phthalocyanine pigment has shown an additional 
crystalline orientation which is interpreted as a row-like crystalline structure. 
Since the proposed row-like crystalline grows on the rod-shape phthalocyanine 
pigment particle, the crystalline orientation is dependent on the orientation of 
the pigment particles. Similar to the orientation of fibre filler during injection 
moulding, the pigment particles are highly oriented at the skin. The orientation 
forms as the pigment particles are oriented along the edges of the flowing melt 
front because of the shear profile established by the advancing melt front. The 
oriented layer extends toward the centre of the part with more random 
orientation further from the mould wall. Accordingly, the row-like crystallite is 
oriented more at the skin and becomes more random toward to core. 
 
Considering all the findings from crystallisation and molecular orientation 
studies, a possible mechanism of non-uniform shrinkage or warpage in HDPE 
induced by untreated phthalocyanine pigments has been proposed in Figure 
4.50.  
 
During the mould filling stage, the polyethylene chains are stretched and 
oriented along the flow direction. The stress decays as the oriented 
polyethylene chains relax back toward their equilibrium configurations. This is 
however restricted in the pigmented HDPE as the phthalocyanine pigment 
acting as heterogeneous nuclei caused crystallisation to take place rapidly.  
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Figure 4.50 Proposed mechanism of non-uniform shrinkage or warpage in 
HDPE induced by untreated phthalocyanine pigment 
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As a result, a thick skin layer is formed and some of the polyethylene chains in 
the amorphous region are oriented especially in the skin layer, creating stress in 
the flow direction. On the contrary, the extent of amorphous phase orientation is 
not significant in the unpigmented HDPE as crystallisation takes place at a 
slower rate allowing the oriented melt to relax. 
 
The phthalocyanine pigment not only caused rapid crystallisation, it also 
induced the formation of row-like crystallites. The row-like crystallites are 
characterised by the “shish-kebab” structure. The “kebab” consists of lamellar 
overgrowth with the plane perpendicular to the “shish” that formed on the 
pigment surfaces. These row-like crystallites have different orientations 
depending on where they are formed. They orient along the flow direction, when 
nucleated by the pigment particles that orient at the same direction, particularly 
in the skin layer. The unpigmented HDPE on the other hand consists of 
spherulites. 
 
With the row-like crystallites formed in the pigmented HDPE, they are able to 
pack more efficiently in the flow direction while it is restricted in the transverse 
direction. Coupled with the stress built in the amorphous region, the shrinkage 
is more favourable in the flow direction while it is restricted in the transverse 
direction. Consequently, non-uniform shrinkage or warpage is resulted. The 
unpigmented HDPE on the other hand has less stress and consists of 
spherulites. Hence, a more uniform shrinkage is obtained in the unpigmented 
HDPE.  
 
This proposed mechanism is based on interpretation of experimental data 
obtained in this study. There are many areas which could be further explored 
and the mechanism may be changed accordingly. For example, nucleation 
through epitaxy in polyethylene with the phthalocyanine pigment has yet to be 
proven. The additional crystalline structure suggested by the X-ray diffraction 
pole figures has also yet to be sufficiently justified although it is consistent with 
the observation by Vonk [ 131] and Alfonso et al. [ 135]. 
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Compared with the warpage mechanism proposed by Turturro et al. [ 39] and 
Suzuki and Mizuguchi [ 40], the current one provides a more detailed 
explanation with additional supporting data. Turturro et al. [ 39] concluded that 
the organic pigments caused warpage in HDPE by causing the formation of 
thicker less perfectly crystallised skin. The skin will attempt to re-cystallise later 
and hence results in part distortion. The present findings are in agreement with 
the different skin morphology formed due to the nucleating effect from the 
pigment. However the explanation of the re-crystallisation which caused the 
warpage effect is somewhat uncertain. Meanwhile, conclusion drawn by Suzuki 
and Mizuguchi [ 40] is rather vague; they explained that the part distortion 
induced by organic pigments is due to residual stress cause by the pigment 
nucleation.  
 
The effect of pigments on the shrinkage, crystallisation, morphology and 
molecular orientation of polyethylene have been studied and discussed in this 
chapter. The findings from this study have provided useful information that 
could help in better understanding of the warpage mechanism induced by the 
pigments in polyethylene. The hypotheses and proposals derived from this 
study require further justification before they can be put to practical use.  Some 
of the hypotheses discussed in this chapter will be verified further in Chapter 5 
through detailed studies on the effect of nucleating agent and filler on the 
crystallisation and warpage behaviour of pigmented HDPE.  
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CHAPTER 5: RESULTS AND DISCUSSION 
EFFECT OF NUCLEATING AGENT AND FILLER ON PIGMENTED HDPE 
 
Nucleating agents have been successfully used in overriding pigment 
nucleation in polypropylene leading to reduction in part warpages [ 46]. 
However, no success so far has been reported on similar approach for HDPE. 
Chan [ 42] demonstrated that both potassium stearate and carboxylic acid salt 
based nucleating agents did not have significant effect in reducing the 
anisotropic shrinkage of HDPE containing chlorinated copper phthalocyanine 
pigment. It was claimed to be due to poor dispersion of the nucleating agents in 
the HDPE matrix [ 42]. Thus, in this study, improvement in the carboxylic acid 
salt dispersion was made through compounding of nucleating agent 
masterbatch with HDPE resin. The nucleating agent was pre-dispersed in a 
HDPE carrier and further dispersed in the subsequent compounding process. 
The effect of the improved nucleating agent dispersion on the shrinkage and 
warpage behaviour of the pigmented HDPE was studied.  
 
Particulate filler such as calcium carbonate is commonly used to improve 
properties in thermoplastics such as elastic modulus & impact strength and 
shrinkage reduction. Like other inorganic fillers, calcium carbonate has relatively 
low coefficient of thermal expansion and as such it tends to shrink significantly 
less than polymers when cooled during injection moulding. It has irregular 
particle shape and does not become oriented in the direction of melt flow unlike 
fibre fillers. With the few features mentioned, it allows isotropic parts to be 
produced. Despite the highlighted advantages, there is a lack of study on the 
effect of calcium carbonate on the shrinkage and warpage of polymer induced 
by pigments. From the study in Chapter 4, phthalocyanine pigment had been 
shown to influence the crystalline and amorphous phase orientation in HDPE 
causing the undesired warpage. It is thus of great interest to study if the 
orientation induced by the pigment can be disrupted by the addition of calcium 
carbonate or carboxylic acid salt based nucleating agent.  
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In this section, the effect of carboxylic acid salt at 0.1 wt% & 0.3 wt% and 
calcium carbonate at 10 wt% & 40 wt% on the shrinkage and warpage of HDPE 
containing untreated phthalocyanine pigment (thereafter identified as pigmented 
HDPE) are discussed. The observed shrinkage and warpage behaviour are 
then further studied through the crystallisation behaviour and molecular 
orientation. Some of the hypotheses established in Chapter 4 such as the 
correlation of shrinkage ratio with actual warpage and the phenomenon of 
warpage due to the crystalline and amorphous phase orientation are verified.  
 
5.1  SHRINKAGE AND WARPAGE BEHAVIOUR  
Figure 5.1 shows the effect of carboxylic acid salt based nucleating agent and 
calcium carbonate on the shrinkage and warpage behaviour of pigmented 
HDPE. Both of the additives caused a reduction in FD shrinkage of the 
pigmented HDPE. Addition of 0.1 wt% of carboxylic acid salt reduced the FD 
shrinkage of the pigmented HDPE from 3.5 % to 2.5 % without significant effect 
on the TD shrinkage which remained constant at 1.3 % (see HDPE/P and 
HDPE/P/0.1%NA in Figure 5.1a). Increasing dosage of the carboxylic acid salt 
from 0.1 wt% to 0.3 wt% did not cause significant reduction in the FD shrinkage 
(see HDPE/P/0.1%NA and HDPE/P/0.3%NA in Figure 5.1a). This implies that 
dosage of carboxylic acid salt at 0.1 wt% could already be in excess of that 
needed to be used for shrinkage reduction.  The FD shrinkage of 
HDPE/P/0.1%NA and HDPE/P/0.3%NA was reduced to the level similar to the 
unpigmented HDPE (HDPE). This was an improvement compared with the 
study by Chan [ 42] where the addition of the nucleating agent was not able to 
achieve the same effect. This could be attributed to the improved dispersion of 
the nucleating agent via the masterbatch procedure discussed earlier. The 
mechanism of FD shrinkage reduction induced by the nucleating agent will be 
further discussed in Section 5.2.  
 
Following from the FD shrinkage reduction, the shrinkage ratio was reduced 
from 2.8 in HDPE/P to 2.0 and 1.9 in HDPE/P/0.1%NA and HDPE/P/0.3%NA 
respectively. Chan [ 42] also used the carboxylic acid salt and could obtain 
similar shrinkage ratio of 2.0 but only with the nucleating agent dosage of 2 
wt%.  
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(b) Warpage evaluation 
 
Figure 5.1 (a) Shrinkage and (b) warpage behaviour of pigmented HDPE 
containing nucleating agent and calcium carbonate 
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As demonstrated in Section 4.1, shrinkage ratios beyond the range of 0.6 to1.6 
have a high tendency in warpage. Accordingly, shrinkage ratios of 2.0 and 1.9 
obtained for HDPE/P/0.1%NA & HDPE/P/0.3%NA will show warpage. These 
were evidenced by the observation of part warpages of both HDPE/P/0.1%NA 
and HDPE/P/0.3%NA having warpage height of 7.0 mm in Figure 5.1b. 
Although the warpage was less pronounced than the pigmented HDPE 
(HDPE/P), it still could not achieve the same performance as the unpigmented 
HDPE. This suggests that the warpage induced by phthalocyanine pigment in 
HDPE cannot be effectively reduced with the addition of nucleating agent; a fact 
that still holds to date. Tomlin [ 46] in his study with pigmented PP, 
demonstrated that the shrinkage ratio was more sensitive to the type of 
nucleating agent rather than the dosage. It could well be that the carboxylic acid 
salt used in the current study was not suitable for HDPE although it was 
commercially recommended by the manufacturer. The actual cause is not 
known but some of the possible reasons will be discussed in Section 5.2 in 
terms of the nucleation ability of the carboxylic acid salt compared with the 
phthalocyanine pigment. 
 
The effect of calcium carbonate on the shrinkage and warpage of pigmented 
HDPE will be discussed next. Figure 5.1a shows that the addition of 10 wt% 
calcium carbonate into pigmented HDPE (HDPE/P/10%Ca) caused a reduction 
of FD shrinkage from 3.5 % to 2.6 % and a slight reduction of TD shrinkage 
from 1.3 % to 1.2 %. An increased dosage of calcium carbonate of 40 wt% 
(HDPE/P/40%Ca) caused a greater FD shrinkage reduction from 3.5 % to 1.9 % 
while the TD shrinkage remained constant at 1.3 %. The FD shrinkage 
reduction caused by the calcium carbonate did not show a linear relationship 
with filler dosage as otherwise the FD shrinkage would be 0 % at 40 wt% 
calcium carbonate. Nevertheless, the FD shrinkage of HDPE/P/40%Ca was 
observed to be significantly lower than the unpigmented HDPE. 
 
 As shown in Figure 5.2, significant volume of the part is occupied with the filler 
at high calcium carbonate content. The filler practically did not shrink due its low 
coefficient of thermal expansion properties.  
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Figure 5.2 FD shrinkage in (a) unfilled and (b) filled HDPE rectangular bar 
 
Thus, the effective length available for shrinkage is reduced in the filled HDPE 
as indicated by the small gaps between the calcium carbonate particles in 
Figure 5.2b compared with the unrestricted shrinkage of an unfilled HDPE in 
Figure 5.2a. Similarly, the high FD shrinkage in the pigmented HDPE was 
reduced with the presence of calcium carbonate. The phthalocyanine pigment 
may still induce the crystalline and amorphous phase orientation despite the 
presence of the calcium carbonate. The calcium carbonate is merely occupying 
the volume in the HDPE and accordingly diluting those effects. The addition of 
calcium carbonate did not cause further reduction in TD shrinkage in the 
pigmented HDPE as shown by the constant TD shrinkage at 1.3% in 
HDPE/P/40%Ca compared with HDPE/P. The shrinkage reduction in TD 
caused by the calcium carbonate was not as significant as compared with the 
shrinkage reduction in the FD.  The significant FD shrinkage reduction can also 
be attributed to the additional influence of the calcium carbonate in the 
amorphous phase orientation, to be discussed in Section 5.3. 
 
The reduction of FD shrinkage in HDPE/P/10%Ca and HDPE/P/40%Ca leads to 
lower shrinkage ratios of 2.2 and 1.5 respectively (refer to Figure 5.1a). As 
discussed in Section 4.1, shrinkage ratios beyond the range of 0.6 to 1.6 have a 
high tendency in warpage.  
(a) 
(b) 
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Accordingly, the HDPE/P/10%Ca with a shrinkage ratio of 2.2 would have a 
higher tendency to warp than HDPE/P/40%Ca with a shrinkage ratio of 1.5. This 
was again within expectation as evidenced by the warped part of 
HDPE/P/10%Ca with warpage height of 6.5 mm and the flat part of 
HDPE/P/40%Ca (refer to Figure 5.1b)  
 
In order to have a better understanding on how the calcium carbonate could 
reduce the warpage in the pigmented HDPE, it is important to know the location 
of the calcium carbonate particles in the HDPE matrix and also whether the filler 
affected the supermolecular structure of the HDPE. This leads to further study 
of crystallisation behaviour and molecular orientation which will be discussed in 
the next section. 
 
From the shrinkage studies of the pigmented HDPE containing carboxylic acid 
salt and calcium carbonate, it was obvious that the phthalocyanine pigment had 
a strong influence in the shrinkage of HDPE despite the presence of the two 
additives. The carboxylic acid salt had limited effectiveness in reducing the 
warpage of the pigmented HDPE, while a warp-free part can only be obtained at 
high calcium carbonate content. Aside from that, the shrinkage studies have 
shown that the actual part warpage can be successfully predicted using the 
shrinkage ratio guide established earlier in Section 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
160 
 
5.2  CRYSTALLISATION  BEHAVIOUR   
Table 5.1 shows the crystallisation data for the unpigmented HDPE and 
pigmented HDPE containing nucleating agent and calcium carbonate. The 
effect of the nucleating agent on the crystallisation of unpigmented HDPE was 
first studied. This allows the understanding of the nucleating effect of the 
carboxylic acid salt on HDPE compared with the phthalocyanine pigment.  
 
The carboxylic acid salt was seen to nucleate HDPE at 0.1 wt% as evidenced 
by the increase in the Tconset in HDPE/0.1%NA from 118 °C to 121 °C and 
Tcpeak from 116 °C to 117 °C. It also allowed crystallisation to take place at a 
higher temperature of 126 °C with the crystallisation rate of 0.06 min-1. In a 
similar manner to phthalocyanine pigment, the carboxylic acid salt could induce 
a broader crystallite size distribution, as shown by the broader crystallisation 
peak width of 7 °C, compared with the unpigmented HDPE of 6 °C. There was 
no significant effect on the crystallinity with the addition of carboxylic acid salt in 
HDPE. Increasing the carboxylic acid salt concentration to 0.3 wt% did not 
cause further changes to the crystallisation behaviour compared with the HDPE 
containing 0.1 wt% of the nucleating agent (refer to HDPE/0.3%NA & 
HDPE.0.1%NA). 
 
Table 5.1 Crystallisation behaviour of HDPE and pigmented HDPE 
containing nucleating agent and calcium carbonate 
Sample Tconset (°C) Tcpeak (°C) 
Crystallisation 
rate at 126 °C 
(min-1) 
Crystallisation
peak width (°C) 
Degree of 
Crystallinity 
(%) 
HDPE 118 (0) 116 (0) N/A 6 (0) 72 (0) 
HDPE/P 122 (0) 119 (0) 0.09 (0.00) 7 (0) 73 (0) 
HDPE/0.1%NA 121 (0) 117 (0) 0.06 (0.00) 7 (1) 74 (0) 
HDPE/0.3%NA 121 (0) 118 (0) 0.07 (0.00) 7 (0) 74 (0) 
HDPE/P/0.1%NA 122 (0) 118 (0) 0.10 (0.00) 7 (0) 74 (0) 
HDPE/P/0.3%NA 122 (0) 118 (0) 0.11 (0.00) 7 (1) 74 (0) 
HDPE/10%Ca 120 (0) 117 (0) 0.03 (0.00) 6 (0) 73 (0)* 
HDPE/P/10%Ca 122 (0) 119 (0) 0.11 (0.00) 7 (0) 74 (1)* 
HDPE/P/40%Ca 122 (0) 119 (0) 0.10 (0.01) 6 (0) 74 (1)* 
Remark: standard deviation in parentheses 
 *values normalised to the amount of HDPE phase 
  N/A= data not available as sample was unable to crystallise  
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The carboxylic acid salt may not be effective in nucleating HDPE as compared 
with phthalocyanine pigment since the phthalocyanine pigment induced a 
slightly higher Tconset at 122 °C (refer to HDPE/P). This is also manifested in a 
higher crystallisation rate of 0.09 min-1 in HDPE/P compared with 0.06 and 0.07 
min-1 in HDPE/0.1%NA and HDPE/0.3%NA, respectively. This indicates that the 
carboxylic acid salt is unlikely to override the pigment nucleation in HDPE. The 
carboxylic acid salt should induce nucleation at least a few °C higher than 122 
°C in order to successfully override the pigment nucleation. This finding is not in 
agreement with the claim that the carboxylic acid salt based nucleating agent 
could override the pigment nucleation as discussed in Section 2.3.3. 
 
Since the carboxylic acid salt could not override the pigment nucleation, the 
crystallisation behaviour of the pigmented HDPE containing 0.1 wt% and 0.3 
wt% carboxylic acid salt (HDPE/P/0.1%NA and HDPE/P/0.3%NA) is similar to 
HDPE/P. This was demonstrated by the insignificant difference in the Tconset 
and Tcpeak, crystallisation peak width and degree of crystallinity of 
HDPE/P/0.1%NA and HDPE/P/0.3%NA compared with HDPE/P. The 
crystallisation rate of HDPE/P/0.1%NA and HDPE/P/0.3%NA is observed to be 
slightly higher than the HDPE/P. This indicates that there is a combined 
nucleation effect from the carboxylic acid salt and phthalocyanine pigment in 
increasing the crystallisation rate of HDPE. 
 
Next, the effect of calcium carbonate on the crystallisation of pigmented HDPE 
is discussed. From Table 5.1, it is observed that the calcium carbonate can 
nucleate the HDPE but not as effectively as the phthalocyanine pigment. This is 
represented by the Tconset of HDPE/10%Ca of 120 °C, which is in between the 
Tconset of HDPE of 118 °C and HDPE/P of 122 °C. The nucleation of HDPE by 
calcium carbonate was also evidenced by the observation of crystallisation at 
126 °C albeit at a very low rate of 0.03 min-1. The calcium carbonate has no 
significant effect on the crystallisation peak width and crystallinity of the HDPE. 
 
Calcium carbonate is an inorganic material and should not nucleate HDPE. 
However most calcium carbonate used in thermoplastics, including the one 
used in the study, is surface coated with stearic acid to render the surface 
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hydrophobic, to improve the ease of processing and also to reduce water 
adsorption [ 136, 137]. The stearic acid coating reduces the surface energy of the 
calcium carbonate closer to the polyethylene [ 138], making the filler more 
compatible with the polyethylene. This may allow the calcium carbonate to act 
as nucleating agent in the polyethylene. 
 
The calcium carbonate at 10 wt% and 40 wt% dosage did not influence the 
Tconset and Tcpeak of the pigmented HDPE, as crystallisation temperatures of 
HDPE/P/10%Ca and HDPE/P/40%Ca were unaffected compared with HDPE/P. 
This was due to the weak nucleation effect of the filler compared with the 
phthalocyanine pigment mentioned earlier.  
 
The crystallisation rate of HDPE/P/10%Ca and HDPE/P/40%Ca was observed 
to be slightly higher than the HDPE/P. This indicates that there is a combined 
nucleation effect from both the calcium carbonate and phthalocyanine pigment 
leading to an increase in the crystallisation rate of the HDPE. This is also 
similarly observed in formulations containing the carboxylic acid salt, as 
discussed earlier. The reason for this phenomenon is not clear, though it could 
be due to the improved pigment particle dispersion with the presence of the 
nucleating agent and filler. 
 
There is no significant change in the crystallite size distribution in 
HDPE/P/10%Ca compared with HDPE/P. At higher calcium carbonate dosage 
however, the crystallite size distribution is reduced, similar to the unpigmented 
HDPE as shown by the crystallisation peak width of 6 °C for HDPE/P/40%Ca. 
The addition of calcium carbonate had no significant effect on the degree of 
crystallinity of the pigmented HDPE.  
 
It is shown in the crystallisation study that the carboxylic acid salt can nucleate 
HDPE. This is also confirmed by the reduction of spherulite size in 
HDPE/0.1%NA compared with the unpigmented HDPE as shown in Figure 5.3a 
and c. The optical micrographs of HDPE/0.1%NA resemble to HDPE/P where 
both exhibit fine texture as shown in Figure 5.3b and c. The actual morphology 
nucleated by the carboxylic acid salt and phthalocyanine pigment however may 
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not be identical and require further confirmation using other techniques such as 
small-angle light scattering, scanning electron microscopy and transmission 
electron microscopy [ 21]. Optical micrographs of both HDPE/P/0.1%NA and 
HDPE/P/0.3%NA show fine texture possibly due to the nucleation by the 
phthalocyanine pigment (refer to Figure 5.3d and e). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Optical micrographs of (a) unpigmented HDPE (b) HDPE/P 
(c)HDPE/0.1%NA (d) HDPE/P/0.1%NA and (e) HDPE/P/0.3%NA obtained 
using polarised light 
 
(a) (b) 
(c) (d) 
(e) 
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The carboxylic acid salt should still have some influences on the crystallisation 
of the HDPE despite the presence of the phthalocyanine pigment. Part of the 
crystalline portion in the HDPE should be nucleated by the carboxylic acid salt. 
The FD shrinkage reduction in HDPE/P/0.1%NA and HDPE/P/0.3%NA 
discussed earlier support this proposition. According to the carboxylic acid salt 
manufacturer [ 95], isotropic shrinkage in the flow and transverse directions can 
be obtained after nucleation by the nucleating agent. It was claimed to work 
through a directional nucleation mechanism which diverts the crystalline growth 
to the thickness direction (ND) as shown in Figure 2.22a. In Section 4.3, the 
phthalocyanine pigment was demonstrated to induce a row-like crystalline 
structure in the polyethylene. This subsequently leads to more efficient 
crystalline packing in the flow direction causing higher shrinkage in the flow 
direction than the transverse direction. A small portion of the polyethylene could 
have been nucleated by the carboxylic acid salt and hence less of the row-like 
crystalline structure is formed by the phthalocyanine pigment. 
 
The higher nucleating ability of the phthalocyanine pigment compared with the 
carboxylic acid salt implies that the pigment should have stronger interaction 
with the HDPE. This could be due to the much finer particle size of the pigment 
of about 100 nm as shown earlier in Section 4.2 compared with the carboxylic 
acid salt of about 3 µm as shown by the SEM micrograph in Figure 5.4. When 
fully dispersed, the pigment has a much higher surface area for interaction with 
the HDPE compared with the carboxylic acid salt.  
 
Besides that, the chemical structure is also an important factor in determining 
the degree of interaction between the pigment or nucleating agent with the 
HDPE. As shown in Figure 5.5a, the phthalocyanine pigment consists many 
aromatic C-H groups (16 C-H groups per phthalocyanine molecule) which are 
non-polar and interact strongly with the non-polar polyethylene chain. Although 
there is presence of copper atoms which are relatively polar, they are shielded 
and only exposed at the ends of the needle shaped pigment particles [ 15].  
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Figure 5.4 SEM micrograph of carboxylic acid salt [ 139] 
 
Figure 5.6a shows the copper phthalocyanine molecule arrangement in the 
crystal lattice where the aromatic C-H groups are protruding outward while the 
copper atoms are shielded. The carboxylic acid salt as shown in Figure 5.5b on 
the other hand consists of a cyclohexane ring which is non-polar and 
carboxylate group which is polar. The cyclohexane ring is the interacting group 
for nucleation while the carboxylate group increases the cohesion of the salt 
crystal to render it insoluble in the polymer melt. The actual crystal structure of 
the carboxylic acid salt (1,2-cyclohexanedicarboxylic acid, calcium salt) was not 
published but it should have a close similarity with the crystal structure of cis-
1,2-cyclohexanedicarboxylic acid as shown in Figure 5.6b. The crystal shows 
alternating non-polar CH2 and polar carboxylic acid groups. In the case of the 
carboxylic acid salt, the carboxylic acid group is replaced by the carboxylate 
group.  
 
 
 
 
 
 
 
 
 
Figure 5.5 Chemical structure of (a) copper phthalocyanine blue pigment 
and (b) carboxylic acid salt based nucleating agent 
(a) (b) 
3 µm 
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Figure 5.6 Crystal structures of (a) β-copper phthalocyanine blue [ 140] 
and (b) cis-1,2-cyclohexanedicarboxylic acid [ 141]  
 
Considering the crystal structures of phthalocyanine pigment and carboxylic 
acid salt, it became obvious that the phthalocyanine pigment has a stronger 
nucleating ability due to more exposed hydrocarbon groups that allow 
interaction with the polyethylene chain. 
 
Figure 5.7 shows the optical micrographs of HDPE containing calcium 
carbonate. Optical micrograph of HDPE/10%Ca in Figure 5.7c shows a non-
spherulitic structure that correlates with the nucleation by the calcium carbonate 
as discussed in the crystallisation study earlier. The texture is somewhat 
coarser compared to the HDPE/P in Figure 5.7b indicating a less effective 
nucleation of the calcium carbonate compared with the phthalocyanine pigment. 
The nucleation takes place on the surface of the smaller calcium carbonate 
particles which are not visible in the micrograph. It is less likely to happen on 
the surface of the larger calcium carbonate agglomerates. Optical micrographs 
of HDPE/P/10%Ca and HDPE/P/40%Ca in Figures 5.7d and e show a fine 
texture in the HDPE matrix due to pigment nucleation. The HDPE matrix in 
HDPE/P/40%Ca is hardly seen because the sample is saturated with calcium 
carbonate.  
 
Carboxylic acid 
group 
CH2 group 
(a) (b) 
Aromatic 
C-H group 
Copper 
atom 
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The crystallisation study on pigmented HDPE containing calcium carbonate was 
unable to explain the changes observed in the shrinkage and warpage study. 
Hence, further work is carried out which will be discussed in Section 5.3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Optical micrographs of (a) unpigmented HDPE (b) HDPE/P  
(c)HDPE/10%Ca (d) HDPE/P/10%Ca and (e) HDPE/P/40%Ca obtained using 
polarised light 
 
(e) 
CaCO3  
HDPE matrix 
CaCO3  
(a) (b) 
CaCO3  
(c) (d) 
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5.3  MOLECULAR ORIENTATION  
From the crystallisation study in Section 5.2, it was shown that both carboxylic 
acid salt and calcium carbonate had minimum influence on the crystallisation of 
pigmented HDPE. Despite that, calcium carbonate was observed to reduce the 
shrinkage and warpage of the pigmented HDPE. The filler could have 
influenced other aspects especially molecular orientation. This led to the study 
of molecular orientation through heat reversion analysis and x-ray diffraction.  
 
Figure 5.8 presents the heat reversion of pigmented HDPE containing 
carboxylic acid salt based nucleating agent and calcium carbonate. The 
carboxylic acid salt did not seem to significantly influence the amorphous phase 
orientation induced by the phthalocyanine pigment as shown by the relatively 
constant percent FD reversion of 1.1 % and TD reversion of 0.1 % of 
HDPE/P/0.1%NA and HDPE/P/0.3%NA compared with HDPE/P. 
 
 
Figure 5.8 Percent heat reversion (110 °C) of pigmented HDPE containing 
nucleating agent and calcium carbonate 
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The addition of calcium carbonate on the other hand, significantly reduces both 
the percent FD and TD reversion especially at 40 wt% dosage 
(HDPE/P/40%Ca). The percent FD reversion is reduced from 1.2 % to 0.9 % 
and TD reversion from 0.1 % to 0 % compared with the HDPE/P. This indicates 
that the amorphous phase orientation was affected by the presence of the filler.  
 
Earlier in Section 4.3, it was mentioned that the tie-chains in the amorphous 
region of pigmented HDPE were oriented due to the flow orientation during the 
filling stage coupled with the rapid crystallisation. The oriented tie-chains 
subsequently relax back toward their equilibrium configurations whilst 
influencing the FD shrinkage. The length of the tie-chains in the amorphous 
region may vary from hundreds of angstroms to a few microns [ 142]. Solomko 
[ 142] demonstrated that filler particles of up to 1 µm can fit within the 
amorphous region in the semi-crystalline polymers. This could reduce the chain 
mobility and flexibility; the opposite effect of plasticisation [ 142]. According to 
the technical datasheet of the calcium carbonate used in this study (Appendix 
18), the mean particle size is 3.4 µm and about 10 % of the particles are 
between 0.5 µm and 1 µm. Thus, it is possible for these particles to reside in the 
amorphous region and disrupt the tie-chain orientation. The effect was more 
pronounced at 40 wt% calcium carbonate dosage due to the high content of the 
fine particles.  
 
The effect of the calcium carbonate particles on the amorphous phase 
orientation is depicted in Figure 5.9. Figure 5.9a shows an oriented amorphous 
region in the polyethylene. The tie-chain which links the crystalline lamella is 
observed to be oriented as a result of crystallisation under concurrent melt 
deformation. In Figure 5.9b, the presence of the fine calcium carbonate particles 
in the amorphous region restrict the chain mobility and flexibility of the tie-chains 
whilst reducing the amorphous phase orientation. The reduced amorphous 
phase orientation in the pigmented HDPE containing 40 wt% calcium carbonate 
may likely to cause a lower FD shrinkage discussed earlier. 
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Figure 5.9 (a) Oriented amorphous region in unfilled pigmented HDPE and 
(b) less oriented amorphous region in filled pigmented HDPE 
 
The shrinkage reduction in the pigmented HDPE caused by the calcium 
carbonate may not only relate to the reduction of the amorphous phase 
orientation. It could be due to the changes in the crystalline orientation as well. 
As such, a study of the crystalline orientation was carried out to investigate if 
the filler could affect the crystalline orientation in HDPE induced by the pigment. 
In Section 4.3, wide-angle x-ray diffraction technique was used as a semi-
quantitative means of evaluating crystalline orientation. In this section, the 
technique was again applied to study the crystalline orientation in pigmented 
HDPE containing calcium carbonate. 
  
Table 5.2 shows the x-ray diffraction intensity ratio of (200)/(110) of pigmented 
HDPE containing calcium carbonate samples. The ratio method is independent 
of the calcium carbonate content and allows comparison of the data between 
unfilled and filled HDPE. The intensity ratio of (020)/(110) was not used as there 
was diffraction peak overlapping from calcium carbonate at a 2θ angle of 36°. 
As discussed previously, the pigmented HDPE (HDPE/P) had shown a higher 
intensity ratio (200)/(110) of 0.26 compared with the unpigmented HDPE 
(HDPE) of 0.19. This indicates a higher degree of a-axis orientation in the plane 
of the pigmented sample which is subsequently confirmed through pole figure 
analysis. 
 
(a) (b) 
Crystalline lamella 
Amorphous 
region 
Crystalline lamella 
CaCO3 particle 
Non-oriented tie-chain 
Oriented tie-chain 
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Table 5.2 Different crystalline orientation in pigmented HDPE as 
represented by the x-ray diffraction intensity ratio of (200)/(110)  
Sample Intensity ratio (200)/(110) 
HDPE  0.19 
HDPE/P  0.26 
HDPE/P/10%Ca  0.25 
HDPE/P/40%Ca  0.27 
 
Referring to Table 5.2, the pigmented HDPE containing calcium carbonate, 
HDPE/P/10%Ca and HDPE/P/40%Ca also similarly showed higher intensity 
ratio of 0.25 and 0.27 respectively. It is thus can be deduced that the calcium 
carbonate did not have significant influence on the crystalline orientation in 
HDPE induced by the pigment. It was also confirmed that the shrinkage 
reduction observed in the HDPE containing 40 wt% calcium carbonate earlier 
was due to the filler which occupied the volume of the moulded parts and the 
reduction of amorphous phase orientation. 
 
From the studies presented in Chapter 4 and 5, it is observed that the shrinkage 
and warpage behaviour of the polyethylene can be influenced by the pigments 
and additives. The extent depends on many variables such as the polyethylene 
type, pigment type, morphology, chemical and crystal structures of the pigment 
or additive and the compatibility of the pigment or additive with the polyethylene. 
The shrinkage and warpage of the polyethylene containing various pigments 
and additives have been systematically studied and the present conclusion 
suggests that the warpage is a result of non-uniform shrinkage. For example, 
the phthalocyanine pigment can induce a preferred shrinkage direction where 
the shrinkage is higher in the flow direction than the transverse direction leading 
to the part warpage. The causes of the non-uniform shrinkage induced by the 
phthalocyanine pigment have been investigated through the study of 
crystallisation, morphology and molecular orientation. The pigment has been 
shown to be a strong heterogeneous nucleating agent which can influence the 
crystallisation by increasing the crystallisation temperature, crystallisation rate 
and changing the crystal growth geometry.  
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These changes persist despite addition of the carboxylic acid salt based 
nucleating agent and the calcium carbonate filler. This reflects to the strong 
pigment-polymer interaction which is related to the large surface area of the fine 
rod-shaped pigment particles, close polarity matching with the polyethylene, 
and favourable chemical and crystal structures of the pigment that allow 
intimate interaction.  
 
Since the carboxylic acid salt could not effectively override the pigment 
nucleation, the row-like crystalline structures associated with the phthalocyanine 
pigment remain. These row-like crystalline structures which allow more efficient 
crystalline packing in the flow direction, cause higher shrinkage in the flow 
direction than the transverse leading to warpage of the moulding. The calcium 
carbonate on the other hand could reduce the FD shrinkage in the pigmented 
polyethylene but a high level of 40 wt% is required. Calcium carbonate appears 
not affect the crystallisation; instead, it reduces the FD shrinkage by reducing 
the volume of matrix in the sample thus, diluting the shrinkage effect.  It also 
reduces the amorphous phase orientation which contributes to the shrinkage.  
 
This shows that it is difficult to reduce the warpage induced by the pigment by 
using additives which alter the crystallisation of the polyethylene. Unless there 
are other types of nucleating agent or additives which have better interaction 
than the phthalocyanine pigment with the polyethylene. A polymer blend 
approach to alter the crystalline structure induced by the pigment could be 
worth exploring. However, this may result in a polymer blend ratio which totally 
changes the mechanical properties of the end articles. The use of treated 
pigment such as the treated phthalocyanine pigment used in the study has also 
shown limited effectiveness. Perhaps a combination of treated pigment and 
nucleating agent could work but this may not be cost effective.  
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CHAPTER 6  
CONCLUSION AND SUGGESTION FOR FUTURE WORK 
Over the years, polyethylene remained the most important, highly versatile and 
most consumed plastic material. Injection moulding accounts for the second 
largest area of polyethylene application after film and sheeting. End products 
often require colouring, as it is one of the most value added features, not only 
for aesthetic reason but also for enhancement of other properties. The 
incorporation of colourants into plastics through melt-blending is a more cost 
effective way of colouring compared with an additional secondary step such as 
painting. Organic pigments offer many advantages over inorganic pigments 
particularly their high tinctorial strength and brilliant shade. These pigments can 
however influence the properties of polymers and cause problems such as 
distortion and warpage of injection moulded parts. Presently, the warpage 
mechanism induced by the pigments is not well understood. Although new and 
improved colourants appear in the market on a regular basis, they still cannot 
not effectively eliminate the warpage problems.  
 
A systematic approach has been employed in the present study to investigate 
the influence of pigments and other additives on the crystallisation and warpage 
behaviour of polyethylene. Based on the results obtained from the study, the 
main conclusions can be summarised as follow: 
 
1. The untreated phthalocyanine pigment has the most negative influence on 
the shrinkage and warpage behaviour of HDPE by causing a high 
shrinkage ratio of 2.8 and warpage height of 9.5 mm. Ultramarine pigment 
on the other hand, has no significant influence on the shrinkage and 
warpage behaviour of HDPE, LLDPE and LDPE. The treated 
phthalocyanine pigment is only effective in minimising warpage in HDPE. It 
could not completely eliminate the warpage problem. 
 
2. Warpage is caused by non-uniform shrinkage. The phthalocyanine 
pigments could induce a preferred shrinkage direction in polyethylene 
where the shrinkage is higher in the flow direction than the transverse 
direction leading to warpage.  
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There is a correlation between the shrinkage ratio and the actual warpage. 
Based on the study, a shrinkage ratio guide for prediction of actual 
warpage has been established. Shrinkage ratios beyond the range of 0.6 
to 1.6 will have a high tendency to warp. 
 
3. Shrinkage ratio of the HDPE samples correlates with the crystallisation 
behaviour where the shrinkage ratio was found to increase with the Tcpeak, 
Tconset, crystallisation peak width and crystallisation rate. 
 
4. The phthalocyanine pigments can act as strong heterogeneous nuclei in all 
the three polyethylenes possibly due to the strong pigment-polymer 
interaction. Based on the DSC and optical microscopy studies, the 
untreated phthalocyanine pigment can increase the crystallisation onset 
temperature by 4 °C, raise the crystallisation rate by a factor of eight and 
reduce spherulite size to below 10 µm in HDPE. It also increased the 
crystallite size distribution and changed the crystal growth geometry from 
three dimensional spherulitic growth to two dimensional disk-like growth. 
 
5. The effect of pigments on the crystallisation of polyethylenes can be more 
readily observed when studied using the isothermal DSC technique 
compared to the non-isothermal technique. The isothermal DSC technique 
was able to show the difference in the nucleation efficiency between the 
treated and untreated phthalocyanine pigments in polyethylene which 
could not be done using the non-isothermal technique. 
 
6. The phthalocyanine pigment can induce a preferred molecular orientation 
in the polyethylene. A thick skin layer of about 0.6 mm that consists of 
oriented amorphous and crystalline phases was formed in the injection 
moulded HDPE containing untreated phthalocyanine pigment. Based on 
the X-ray diffraction pole figure analysis, a new crystalline orientation, 
where the b-axis lies along the transverse direction (TD), was found in the 
skin of the pigmented HDPE compared with the unpigmented HDPE. This 
and with other findings from the pole figure analysis, suggest a crystalline 
orientation which resembles a row-like crystallite.  
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The row-like crystallite is characterised by the “kebab” that consists of 
lamellar overgrowth with the plane perpendicular to the “shish” that form 
on the pigment surfaces. 
 
7. A hypothesis has been proposed that the row-like crystallites can pack 
more efficiently in the flow direction leading to a higher shrinkage in the 
flow direction than the transverse direction. The oriented amorphous 
phase can also contribute to the high shrinkage in the flow direction. 
 
8. Addition of carboxylic acid salt based nucleating agent of up to 0.3 wt% in 
the pigmented HDPE can only minimise but not eliminate the warpage. 
This is because the carboxylic acid salt is unable to override the nucleation 
by the phthalocyanine pigment in HDPE. It could possibly due to a weaker 
interaction between the carboxylic acid salt and the HDPE compared with 
the phthalocyanine pigment as the chemical and crystal structure of the 
carboxylic acid salt is not as favourable as the phthalocyanine pigment in 
interacting with the polyethylene.  
 
9. Nucleation of HDPE by the phthalocyanine pigment was found to have 
reached a maximum at Tconset of 122 °C and cannot be increased further 
by other additives. This also shows that the nucleating agent could only 
work in slow crystallising polymers such as polypropylene. 
 
10. Calcium carbonate added to a relatively high level of 40 wt% could reduce 
the shrinkage and eliminate warpage of the pigmented HDPE. The large 
calcium carbonate particles occupy the volume in the sample and hence 
diluting the shrinkage effect while the fine calcium carbonate particles 
reduce the amorphous phase orientation. 
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SUGGESTION FOR FUTURE WORK 
 
a) Approaches in further investigation on the mechanism of warpage 
The present study has shown an effective means of measuring the shrinkage 
and warpage in the injection moulded specimens. It may not be as easy to do 
this on actual moulded articles. The study could be extended to specimens with 
other geometries and dimensions with varying flow path and gating 
arrangements. This can also verify whether the pigments have the same 
influence on the shrinkage and warpage of specimens with different geometries 
and dimension.  
 
 The reliability of the shrinkage ratio guide in predicting the actual warpage can 
be further improved by including more data points. The samples used in the 
current study show higher shrinkage in the flow direction than the transverse 
direction resulting in the shrinkage ratio of >1. More data with the shrinkage 
ratio of <1 is required as only limited data can be obtained in the LLDPE 
samples in the current study. The data can be obtained through the study of 
pigmented PP where it typically shows higher shrinkage in the transverse 
direction than the flow direction [ 40]. 
 
Injection moulding conditions have been kept constant throughout the study in 
order to attempt to isolate effects associated with the pigment from those 
associated with melt processing. It is worth studying the effect of injection 
moulding conditions on the shrinkage and warpage of the pigmented samples. 
Certain injection moulding conditions may be able to minimise or exaggerate 
the warpage due to an interaction effect. As there are many parameters 
involved in injection moulding, it is suggested to conduct the studies using 
statistical tools such as Design of Experiments (DOE) eg. a factorial 
experimental design. 
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It was shown that the thicker skin layer in the pigmented HDPE sample is 
responsible for the non-uniform shrinkage and resulting warpage. Thus, it is 
worth studying whether the skin layer can be reduced by using a higher 
injection melt temperature and mould temperature so that the moulded 
specimen is cooled at a slower rate. The relationship between the thickness of 
the skin layer and warpage should also be studied.  
 
b) A possible solution which could overcome the warpage problem 
A polymer blend approach is suggested as the use of an additive such as a 
nucleating agent was not effective in eliminating the warpage problem. A 
polymer that could retard the crystallisation of polyethylene should be used as 
the present studies show the warpage is influenced by high crystallisation rate 
of the polyethylene. 
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Isothermal DSC traces of LDPE/P at various temperatures 
 
 
 
 
Isothermal DSC traces of unpigmented LDPE at various temperatures 
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Appendix 2 
 
Dimension of injection moulded rectangular bars 
Sample 
Rectangular bar 
Length (mm) Width (mm) Thickness (mm) 
HDPE 125.96 (0.09) 12.56 (0.01) 3.22 (0.03) 
HDPE/U 126.08 (0.09) 12.56 (0.01) 3.18 (0.03) 
HDPE/TP 125.32 (0.19) 12.64 (0.02) 3.16 (0.01) 
HDPE/P 124.41 (0.15) 12.70 (0.01) 3.18 (0.02) 
LLDPE 126.57 (0.03) 12.57 (0.00) 3.24 (0.01) 
LLDPE/U 127.03 (0.02) 12.60 (0.00) 3.21 (0.01) 
LLDPE/TP 126.95 (0.07) 12.53 (0.00) 3.23 (0.01) 
LLDPE/P 126.44 (0.02) 12.60 (0.00) 3.22 (0.01) 
LDPE 126.40 (0.01) 12.61 (0.00) 3.21 (0.01) 
LDPE/U 126.41 (0.01) 12.61 (0.00) 3.21 (0.01) 
LDPE/TP 125.72 (0.02) 12.68 (0.00) 3.21 (0.01) 
LDPE/P 125.79 (0.03) 12.67 (0.00) 3.22 (0.02) 
Remark: standard deviation in parentheses 
 
Mould shrinkage of injection moulded rectangular bars 
Sample 
Rectangular bar 
Shrinkage (%) 
Shrinkage Ratio 
(FD/TD) Flow Direction 
(FD) 
Transverse 
Direction (TD) 
HDPE 2.35 (0.07) 2.35 (0.07) 1.0 (0.0) 
HDPE/U 2.26 (0.07) 2.33 (0.09) 1.0 (0.0) 
HDPE/TP 2.84 (0.15) 1.69 (0.13) 1.7 (0.1) 
HDPE/P 3.54 (0.11) 1.25 (0.10) 2.8 (0.2) 
LLDPE 1.87 (0.02) 2.24 (0.03) 0.8 (0.0) 
LLDPE/U 1.52 (0.02) 2.03 (0.02) 0.7 ( 0.0) 
LLDPE/TP 1.58 (0.05) 2.55 (0.03) 0.6 (0.0) 
LLDPE/P 1.98 (0.01) 2.02 (0.02) 1.0 (0.0) 
LDPE 2.01 (0.01) 1.94 (0.02) 1.0 (0.0) 
LDPE/U 2.00 (0.01) 1.93 (0.03) 1.0 (0.0) 
LDPE/TP 2.54 (0.01) 1.41 (0.03) 1.8 (0.0) 
LDPE/P 2.48 (0.03) 1.47 (0.02) 1.7 (0.0) 
Remark: standard deviation in parentheses 
 
 
Appendix 3 Short shots of injection moulded round plaques for 
study of melt flow pattern 
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Appendix 5 Bagley and Weissenberg Rabinowitsch correction 
plots for HDPE 
 
 
Figure 1 Bagley correction plot for HDPE 
 
 
Figure 2 Weissenberg Rabinowitsch correction plot for HDPE 
Ram rate (m/s) 
 
 
Appendix 6 Bagley and Weissenberg Rabinowitsch correction 
plots for LLDPE 
 
 
Figure 1 Bagley correction plot for LLDPE 
 
 
Figure 2 Weissenberg Rabinowitsch correction plot for LLDPE 
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Appendix 7 Bagley and Weissenberg Rabinowitsch correction 
plots for LDPE 
 
 
Figure 1 Bagley correction plot for LDPE 
 
 
Figure 2 Weissenberg Rabinowitsch correction plot for LDPE 
 
 
 
 
Ram rate (m/s) 
 
 
Appendix 8 Artifacts in isothermal DSC traces at 126 °C 
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Appendix 16 Contact angles formed from glycerol and ethylene glycol on 
pigments and polyethylene 
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Appendix 17 X-ray diffraction planes of orthorhombic unit cell of 
polyethylene  
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Appendix 18 Technical datasheet of calcium carbonate used in this study 
 
 
